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El modelo function passing proporciona un soporte ma´s directo sobre el cual construir siste-
mas distribuidos orientados a datos. En resumen, construye una estructura de datos funcional y
persistente que representa transformaciones en datos immutables y distribuidos pasando funcio-
nes serializables y bien tipadas entre distintos nodos y aplicandolas sobre datos immutables. De
esta manera, el disen˜o del modelo simplifica la tolerancia a fallos—los datos se pueden recupe-
rar aplicando otra vez las funciones sobre los datos originarios guardados en memoria. Te´cnicas
como la evaluacio´n diferida son centrales en el modelo, hacie´ndolo eficiente y fa´cil de entender,
y evalua´ndolo so´lo en el punto en el que una comunicacio´n en la red comienza.
Este proyecto provee un resumen de la implementacio´n de tal modelo en Scala, discutiendo
importantes mejores requeridas en dos complejas extensiones del compilador de Scala: Scala
Pickling y Spores, as´ı como lo requerido para aunar ambos proyectos de una forma o´ptima. El
presente trabajo permite una mı´riada de nuevas oportunidades para construir sistemas distri-
buidos orientados a datos; ya no solo sistemas como Apache Spark, aunque puede ser visto como
el caso de uso t´ıpico para este modelo. Mientras el modelo esto´ disen˜ado para ser agno´stico de
la plataforma (esta´ implementado en Scala y se ejecuta sobre la JVM), puede interoperar con
otros lenguajes de programacio´n como Javascript mediante Scala.js, un plugin del compilador de
Scala que permite a cualquier framework basado en Javascript beneficiarse de esta contribucio´n.
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Resumen extendido
Los frameworks con ma´s e´xito para el procesamiento de big data han adoptado APIs fun-
cionales. Sin embargo, sus implementaciones esta´n construidas sobre tecnolog´ıas poco tipadas,
basadas en un paradigma imperativo, que complican el disen˜o e implementacio´n de propie-
dades clave en los sistemas distribuidos como la tolerancia a fallos. Consecuentemente, estas
plataformas se enfrentan a los siguientes problemas:
1. Dificultad de uso. Los sistemas no pueden prevenir esta´ticamente el mal uso de ciertos
host language features (del lenguaje de programacio´n utilizado) que no han sido pensadas
para un paradigma distribuido. Por consiguiente, esto produce errores en tiempo de eje-
cucio´n muy dif´ıciles de depurar y solucionar. Un claro ejemplo es la serializacio´n de unsafe
closures (funciones que no esta´n tipadas y son distribuidas a otros nodos).
2. Complejo mantenimiento. Contrariamente a las APIs, las capas de implementacio´n de
menor nivel no esta´n esta´ticamente tipadas y las tareas de mantenimiento y refactoring,
claves para la calidad y futuro del producto, se hacen mucho ma´s dif´ıciles.
3. Pe´rdida de oportunidades de optimizacio´n. La ausencia de informacio´n esta´tica
sobre los tipos impide al compilador realizar optimizaciones clave sobre el co´digo emitido.
Por ejemplo, la garant´ıa de crear co´digo concreto para serializar objetos de cualquier
tipo en tiempo de compilacio´n es crucial, pues evita el uso de serializacio´n en tiempo
de ejecucio´n, la cual es ineficiente y produce una sobrecarga del sistema, especialmente
aquellos en tiempo real. E´ste hecho ha obligado a muchas plataformas que se ejecutan
sobre la JVM a optar por otras alternativas como Avro, Protocol Bu↵ers or Kryo, puesto
que la serializacio´n esta´ndar implementada en Java es notablemente ineficiente.
El modelo function passing proporciona un soporte ma´s directo sobre el cual construir siste-
mas distribuidos orientados a datos. En resumen, construye una estructura de datos funcional y
persistente que representa transformaciones en datos immutables y distribuidos pasando funcio-
nes serializables y bien tipadas entre distintos nodos y aplicandolas sobre datos immutables. De
esta manera, el disen˜o del modelo simplifica la tolerancia a fallos—los datos se pueden recupe-
rar aplicando otra vez las funciones sobre los datos originarios guardados en memoria. Te´cnicas
como la evaluacio´n diferida son centrales en el modelo, hacie´ndolo eficiente y fa´cil de entender,
y evalua´ndolo so´lo en el punto en el que una comunicacio´n en la red comienza. Su disen˜o se
centra en evitar los problemas descritos anteriormente y proveer al programador de un soporte
ma´s intuitivo para la construccio´n de sistemas distribuidos.
El trabajo aqu´ı expuesto se basa en dos l´ıneas de investigacio´n anteriores: generacio´n de co´di-
go para serializar de una forma eficiente y esporas tipadas, closures que pueden ser serializables
sin perder informacio´n esta´tica sobre sus tipos.
El modelo extiende la programacio´n mona´dica al env´ıo y recepcio´n de datos entre redes de
ordenadores. Es, de hecho, un modelo dual a la programacio´n basada en actores (actor model),
con la salvedad de que en esta ocasio´n mantenemos los datos estacionados y los transforma-
mos enviando la funcionalidad a los hosts que los almacenan, en lugar de enviar los datos e
implementar la lo´gica de negocio en los actores.
En general, el model function-passing trae conjuntamente inmutabilidad, estructuras de
datos persistentes, funciones mona´dicas de alto orden, fuerte esta´tico tipado y lazy evaluation,
siendo e´ste u´ltimo el ma´s importante de todos, puesto que sin e´l el modelo presentado ser´ıa
ineficiente en ambos tiempo y memoria. Las garant´ıas de tolerancia a fallos esta´n basadas en el
concepto de lineage, que utiliza un DAG (grafo ac´ıclico dirigido) para representar la secuencia de
transformaciones a partir de unos datos iniciales (concepto inspirado por Resilient Distributed
Datasets, tambie´n conocidos como RDDs). As´ı, en caso de algu´n fallo, la informacio´n puede
volverse a computar recorriendo el grafo y aplicando secuencialmente las transformaciones.
Este concepto esta´ siendo utilizado en produccio´n por sistemas como Apache Spark, Twitter’s
Scalding, Scoobi, Dryad and Hadoop MapReduce. Conjuntamente, para asegurar la recepcio´n
de mensajes entre los nodos, se utiliza el algoritmo Reply-ACK y otros algoritmos orientados a
proporcionar un sistema tolerante a fallos embebido en el mismo disen˜o.
Esta proyecto provee un resumen de la implementacio´n de tal modelo en Scala, discutiendo
importantes mejores requeridas en dos complejas extensiones del compilador de Scala: Scala
Pickling y Spores, as´ı como lo requerido para aunar ambos proyectos de una forma o´ptima. El
presente trabajo permite una mı´riada de nuevas oportunidades para construir sistemas distri-
buidos orientados a datos; ya no solo sistemas como Apache Spark, aunque puede ser visto como
el caso de uso t´ıpico para este modelo. Mientras el modelo esta´ disen˜ado para ser agno´stico de
la plataforma (esta´ implementado en Scala y se ejecuta sobre la JVM), puede interoperar con
otros lenguajes de programacio´n como Javascript mediante Scala.js, un plugin del compilador de
Scala que permite a cualquier framework basado en Javascript beneficiarse de esta contribucio´n.
El proyecto ha sido llevado a cabo en el LAMP (Laboratorio de Me´todos de Programacio´n),
situado en la EPFL (Escuela Polite´cnica Federal de Lausanne, Suiza) y supervisado por Heat-
her Miller (doctora e investigadora) y Martin Odersky (catedra´tico y creador del lenguaje de
programacio´n Scala). El modelo presentado esta´ disen˜ado para ser adoptado por lenguajes y
sistemas del mundo real. As´ı pues, este proyecto consiste en la implementacio´n de tal sistema
por y para Scala, que ya es el lenguaje host de alguna de las plataformas mencionadas, as´ı como
aportes y mejoras teo´ricas al modelo. A continuacio´n, se presenta el contenido de la memoria,
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p2 #mBHi mbBM; 2+? Q7 i?2b2 T`QiQivT2 7`K2rQ`FbX
h?2 /2bB;M M/ mb2 Q7 i?2b2 `2- ?Qr2p2`- MQi BM+Hm/2/ BM i?Bb i?2bBbX
Ç  +QM+`2i2 MHvbBb Q7 i?2 `2[mB`2K2Mib 7Q` M 2{+B2Mi BK@
TH2K2MiiBQM Q7 Qm` T`Q;`KKBM; KQ/2H- b r2HH b  /Bb+mbbBQM
Q7 Qm` BKT`Qp2K2Mib BM a+H SB+FHBM; UJBHH2` 2i HX- kyRjV M/ aTQ`2b
UJBHH2`- >HH2`- M/ P/2`bFv- kyR9V 7Q` 2M#HBM; M 2{+B2Mi BKTH2K2M@
iiBQMX 1{+B2MiHv b2`BHBxBM; b72 +HQbm`2b Bb  7mM/K2MiH T`Q#H2K
M/ i?2 +Q`M2`biQM2 Q7 mMBiBM; 7mM+iBQMH T`Q;`KKBM; M/ /Bbi`B#mi2/
+QKTmiBM;X .2bTBi2 mbBM; a+H- i?2 bQHmiBQMb i?i r2 T`QTQb2 `2
HM;m;2@BM/2T2M/2Mi M/ +M #2 `2THB+i2/ BM Qi?2` 7mM+iBQMH T`Q@
;`KKBM; HM;m;2bX
Ç h?2Q`2iB+H +QMi`B#miBQMb iQ i?2 Q`B;BMH TT2` i?i 2tTHBM b2p@
2`H rvb iQ b?`2 aBHQ_27 b KQM; /Bz2`2Mi MQ/2b M/ TT`Q+? i?2
T`Q#H2K Q7 K2KQ`v `2+HKiBQM M/ 7mHi iQH2`M+2X am+? +QMi`B#m@
iBQMb ?p2 #22M Tm#HBb?2/ BM i?2 Q{+BH 7mM+iBQM@TbbBM; TT2` UJBHH2`
2i HX- kyReVXd
h?2 #Qp2 +QMi`B#miBQMb `2 [mMiB}2/ BM h#H2 RXR- ++Q`/BM; iQ :Bi?m#-
M/ b?Qrb i?2 Qp2`HH KQmMi Q7 +QMi`B#mi2/ HBM2b Q7 +Q/2X Ai Bb Q7 T`iB+mH`
BMi2`2bi i?2 `2HiBQM #2ir22M i?2 M2r M/ `2KQp2/ HBM2b Q7 +Q/2X q?BH2  HQi
Q7 7mM+iBQMHBiv ?b #22M BM+Q`TQ`i2/ BM i?2 i?`22 T`QD2+ib- bB;MB}+Mi T`ib
?p2 HbQ #22M `27+iQ`2/ M/ ;2M2`HBb2/- 2M+Qm`;BM; +Q/2 `2mb#BHBiv M/
BKT`QpBM; i?2 Qp2`HH [mHBivX
ea+H Bb i?2 ?Qbi HM;m;2 Q7 bQK2 Q7 i?2 BKTQ`iMi /Bbi`B#mi2/ #B;@/i 7`K2rQ`Fb-
bm+? b T+?2 aT`F Uw?`B 2i HX- kyRkV
dLQi2 i?i i?2 +QMi2Mib Q7 i?2b2 i?2bBb ?p2 #22M Tm#HBb?2/ #v CQ`;2 oB+2Mi2 *Mi2`Q
BM U*Mi2`Q- JBHH2`- M/ >HH2`- kyReV-  TT2` i?i Bb mM/2` bm#KBbbBQM iQ 1*PPS kyReX
`;m#Hv- QM2 Q7 i?2 KBM Q#D2+iBp2b Q7 i?Bb i?2bBb rb iQ BMi`Q/m+2 i?2 bim/2Mi iQ `2H@
rQ`H/ `2b2`+? M/- b bm+?- i?Bb Bb i?2 `2bmHiX
RX9X ai`m+im`2 M/ P`;MBxiBQM Q7 i?2 h?2bBb 8
RX9 ai`m+im`2 M/ P`;MBxiBQM Q7 i?2 h?2bBb
h?2 `2bi Q7 i?Bb i?2bBb Bb Q`;MBx2/ b 7QHHQrbX q2 #2;BM BM *?Ti2` k rBi? 
;2M2`H Qp2`pB2r Q7 i?2 7mM+iBQM@TbbBM; KQ/2H M/ ?Qr Bi rQ`Fb BM i?2Q`vX
6m`i?2`- BM *?Ti2` j r2 MHvb2 Bib `2[mB`2K2Mib M/ iF2  +HQb2 HQQF iQ
i?2 `2[mB`2/ Q`;MBbiBQM iQ `2HBx2 Bib BKTH2K2MiiBQM- HQM; rBi?  /2iBH2/
T`QD2+i b+?2/mH2X Gi2`- *?Ti2` 9 /2Hp2b BMiQ i?2 7mM+iBQM@TbbBM; BKTH2@
K2MiiBQM- #`BM;BM; 2p2`vi?BM; iQ;2i?2` M/ /2b+`B#BM; Bib /2bB;MX aBM+2 i?Bb
i?2bBbǶb +QMi`B#miBQMb `2Hi2 /B`2+iHv iQ BMi`B++B2b /2`Bp2/ 7`QK i?2 BMi2`+@
iBQM Q7 Qi?2` MQM@i`BpBH 7`K2rQ`Fb- Bi }`bi bi`ib rBi?  72r #+F;`QmM/
b2+iBQMbX
AM a2+iBQM 9XkXR- r2 ;Bp2 M BMi`Q/m+iBQM iQ a+H SB+FHBM;- M miQKiB+ M/
T2`7Q`KMi b2`BHBxiBQM 7`K2rQ`F r?B+? i?2 7mM+iBQM TbbBM; 7`K2rQ`F
KF2b ?2pv mb2 Q7X AM a2+iBQM 9XkXk r2 ;Bp2 M BMi`Q/m+iBQM iQ a+H aTQ`2b-
 7`K2rQ`F 7Q` 2Mbm`BM; i?i +HQbm`2b `2 ;m`Mi22/ iQ #2 b2`BHBx#H2X q2
;2i iQ i?2 K2i Q7 Qm` +QMi`B#miBQMb BM a2+iBQM 9Xj #v /2iBHBM; i?2 Kv`B/
rvb r2 BKT`Qp2/ i?2 a+H SB+FHBM; 7`K2rQ`FX *QMp2`b2Hv- a2+iBQM 9X9
/2iBHb i?2 rvb BM r?B+? r2 BKT`Qp2/ i?2 a+H aTQ`2b 7`K2rQ`FX q2
iB2 2p2`vi?BM; iQ;2i?2` M/ b?Qr ?Qr iQ TB+FH2 bTQ`2b BM a2+iBQM 9X8X M/
}MHHv- r2 +QM+Hm/2 BM *?Ti2` 8X
6Q` `2/2`b mM7KBHB` rBi? a+H M/ i?2B` F2v HM;m;2 72im`2b- r2 `272`
i?2K iQ i?2 TT2M/B+2bX TT2M/Bt  BMi`Q/m+2b BKTHB+Bib BM a+H-  HM@
;m;2 72im`2 i?i Bb +2Mi`H iQ 2+? Q7 i?2b2 7`K2rQ`Fb- M/ TT2M/Bt "
BMi`Q/m+2bK+`Qb-  +QKTBH2@iBK2 K2iT`Q;`KKBM; i2+?MB[m2 BM a+H i?i






h?2 F2v B/2 #2?BM/ i?2 7mM+iBQM TbbBM; KQ/2H Bb iQ F22T /Bbi`B#mi2/ UBK@
Kmi#H2V /i biiBQM`v- M/ iQ BMbi2/ b2M/ 7mM+iBQMHBiv b 7mM+iBQM +HQ@
bm`2b Qp2` i?2 M2irQ`FX h?Bb 2M#H2b irQ BKTQ`iMi #2M2}ib 7Q` /Bbi`B#mi2/
bvbi2K #mBH/2`bc UV bBM+2 HH +QKTmiiBQMb `2 7mM+iBQMH i`Mb7Q`KiBQMb QM
BKKmi#H2 /i- 7mHi@iQH2`M+2 Bb K/2 bBKTH2 #v /2bB;M- M/ U#V +QKKm@
MB+iBQM Bb K/2 r2HH@ivT2/ #v /2bB;M-  +QKKQM TBM TQBMi 7Q` #mBH/2`b Q7
/Bbi`B#mi2/ bvbi2Kb BM a+HX aB/ MQi?2` rv- i?2 7mM+iBQM TbbBM; KQ/2H
ii2KTib iQ KQ`2 Mim`HHv KQ/2H i?2 T`/B;K Q7 /i@+2Mi`B+ T`Q;`KKBM;
#v 2ti2M/BM; KQM/B+ T`Q;`KKBM; iQ i?2 M2irQ`FX
PM i?Bb MQi2- QM2 KB;?i Q#b2`p2 i?i i?2 7mM+iBQM TbbBM; KQ/2H +M +imHHv
#2 BMi2`T`2i2/ b bQK2r?i Q7  /mH iQ i?2 +iQ` KQ/2Hc `i?2` i?M F22TBM;
7mM+iBQMHBiv biiBQM`v M/ b2M/BM; /i- i?2 KQ/2H F22Tb /i biiBQM`v
M/ b2M/ 7mM+iBQMHBiv iQ i?2 /iX h?Bb B/2 Bb 2t2KTHB}2/ BM };m`2b kXR
M/ kXkX
6B;m`2 kXR, h?2 +iQ` KQ/2HX
3 *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
6B;m`2 kXk, h?2 6mM+iBQM@SbbBM; KQ/2HX
h?2 7mM+iBQM TbbBM; KQ/2H #`BM;b iQ;2i?2` BKKmi#H2- T2`bBbi2Mi /i bi`m+@
im`2b- KQM/B+ ?B;?2`@Q`/2` 7mM+iBQMb- bi`QM; biiB+ ivTBM;- M/ /272``2/
2pHmiBQMěTBHH`b Q7 7mM+iBQMH T`Q;`KKBM;ěiQ T`QpB/2  KQ`2 ivT2@b72-
M/ 2bv iQ `2bQM #Qmi 7QmM/iBQM mTQM r?B+? iQ #mBH/ /i@+2Mi`B+ /Bb@
i`B#mi2/ bvbi2KbX 6m`i?2`- Bi T`QpB/2b  T`2+Bb2 bT2+B}+iBQM Q7 i?2 b2KMiB+b
Q7 7mM+iBQMH 7mHi `2+Qp2`vX
AM i?2 #`Q/2bi b2Mb2- i?2 7mM+iBQM TbbBM; KQ/2H +M #2 i?Qm;?i Q7 b 
bQ`i Q7 T2`bBbi2Mi 7mM+iBQMH /i bi`m+im`2 rBi? bi`m+im`H b?`BM;X >Qr@
2p2`- `i?2` i?M +QMiBMBM; Tm`2 /i- BMbi2/ i?2 /i bi`m+im`2 `2T`2@
b2Mib  /B`2+i2/ +v+HB+ ;`T? U.:V Q7 7mM+iBQMH i`Mb7Q`KiBQMb QM /Bb@
i`B#mi2/ /iX h?2 `QQi MQ/2 Q7 Bb BKKmi#H2 /i `2/ 7`QK bi#H2 biQ`;2
U2X;X KxQM ajVc 2/;2b `2T`2b2Mi 7mM+iBQMH i`Mb7Q`KiBQMb QM BKKmi#H2
/i `2T`2b2Mi2/ b MQ/2b Q7 i?2 .:X
AKTQ`iMiHv- bBM+2 i?Bb .: Q7 +QKTmiiBQMb Bb  T2`bBbi2Mi /i bi`m+im`2
Bib2H7- Bi Bb b72 iQ 2t+?M;2 U+QTB2b Q7V bm#;`T?b Q7  .: #2ir22M `2KQi2
MQ/2bX h?Bb 2M#H2b  `Q#mbi M/ 2bv@iQ@`2bQM@#Qmi KQ/2H Q7 7mHi iQH@
2`M+2X am#;`T?b Q7 i?2 .: `2 +HH2/ HBM2;2bc HBM2;2b 2M#H2 `2biQ`BM;
i?2 /i Q7 7BH2/ MQ/2b i?`Qm;? `2@TTHvBM; i?2 i`Mb7Q`KiBQMb `2T`2b2Mi2/
#v i?2B` .:X h?Bb b2[m2M+2 Q7 TTHB+iBQMb Kmbi #2;BM rBi? /i pBH#H2
7`QK bi#H2 biQ`;2X
*2Mi`H iQ i?2 7mM+iBQM TbbBM; KQ/2H Bb i?2 +`27mH mb2 Q7 /272``2/ 2pHm@
iBQMX *QKTmiiBQMb QM /Bbi`B#mi2/ /i `2 ivTB+HHv MQi 2t2+mi2/ 2;2`Hvc
BMbi2/- TTHvBM;  7mM+iBQM iQ /Bbi`B#mi2/ /i Dmbi +`2i2b M BKKmi#H2
HBM2;2X hQ KF2  M2irQ`F +HH M/ i?mb Q#iBM i?2 `2bmHi Q7  +QKTmi@
iBQM- Bi Bb M2+2bb`v iQ }`bi ǳFB+F QzǴ +QKTmiiBQM- Q` iQ 7Q`+2 Bib HBM2;2X
qBi?BM i?2 T`Q;`KKBM; KQ/2H- i?Bb 7Q`+2 QT2`iBQM U+HH2/ send()V KF2b
M2irQ`F +QKKmMB+iBQM UM/ i?mb TQbbB#BHBiB2b 7Q` Hi2M+vV 2tTHB+Bi- r?B+?
Bb +QMbB/2`2/ iQ #2  bi`2M;i? r?2M /2bB;MBM; /Bbi`B#mi2/ bvbi2Kb UqH/Q
2i HX- RNNeVX .272``2/ 2pHmiBQM HbQ 2M#H2b QTiBKBxBM; /Bbi`B#mi2/ +QKTm@
iiBQMb i?`Qm;? QT2`iBQM 7mbBQM- r?B+? pQB/b i?2 +`2iBQM Q7 mMM2+2bb`v
BMi2`K2/Bi2 /i bi`m+im`2běi?Bb Bb 2{+B2Mi BM iBK2 b r2HH b bT+2X h?Bb
FBM/ Q7 QTiBKBxiBQM Bb T`iB+mH`Hv BKTQ`iMi M/ 2z2+iBp2 BM /Bbi`B#mi2/
bvbi2Kb U*?K#2`b 2i HX- kyRyVX
kXRX h?2 1bb2M+2 N
kXRXR "bB+ BMi`Q/m+iBQM iQ 7mM+iBQMH T`Q;`KKBM;
6mM+iBQMH T`Q;`KKBM; Bb  T`Q;`KKBM; T`/B;Kě bivH2 Q7 #mBH/BM;
i?2 bi`m+im`2 M/ 2H2K2Mib Q7 +QKTmi2` T`Q;`Kběi?i i`2ib +QKTmiiBQM
b i?2 2pHmiBQM Q7 Ki?2KiB+H 7mM+iBQMb M/ pQB/b +?M;BM;@bii2 M/
Kmi#H2 /i UqBFBT2/B- kyRe#VX
h?2 7mM/K2MiH +QM+2Ti Q7 7mM+iBQMH T`Q;`KKBM; Bb i?i Q7 ?B;?2`@Q`/2`
7mM+iBQMbX :Bp2M i?2 #+F;`QmM/ Q7 i?Bb /Bb+BTHBM2- i?i +QK2b 7`QK i?2
HK#/ +H+mHmb U*?m`+?- RN9RV-  Ki?2KiB+H #bi`+iBQM 7Q` i?2 /2@
b+`BTiBQM M/ 2pHmiBQM Q7 7mM+iBQMb- 7mM+iBQMb `2 TH+2/ i Bib p2`v +Q`2X
"v +QMp2MiBQM- 7mM+iBQMH T`Q;`KKBM; HM;m;2b i`2i i?2K b }`bi@+Hbb
K2K#2`b M/ T`Q;`Kb `2 r`Bii2M i?MFb iQ 7mM+iBQM +QKTQbBiBQMX b r2
rBHH /Bb+mbb Hi2`- i?2v THv M BMpHm#H2 `QH2 BM i?2 7mM+iBQM@TbbBM; KQ/2HX
AM //BiBQM- Bi HbQ #2M2}ib 7`QK i?2 7QHHQrBM; T2+mHB`BiB2b Q7 7mM+iBQMH
T`Q;`KKBM;X
AKKmi#BHBiv M/ bii2X q?BH2 KBMbi`2K bQ7ir`2 #mBH/b mTQM i?2
B/2 Q7 Kmi#H2 bii2- 7mM+iBQMH T`Q;`KK2`b /Q/;2 BiX AMbi2/- i?2v `2Hv
QM BKKmi#BHBiv, QM+2 M 2H2K2Mi ?b #22M +`2i2/- Bi +MMQi #2 +?M;2/X
b  `2bmHi-  M2r QM2 Bb +`2i2/ M/ T`QT;i2/ i?`Qm;? i?2 r?QH2 T`Q;`KX
AMimBiBp2Hv- i?Bb TT`Q+? i?i Kv bQmM/ BM2{+B2Mi #mi i?MFb iQ bi`m+im`H
b?`BM; Bi #2+QK2b TQbbB#H2 iQ mb2 Bi BM T`+iB+2 rBi? HKQbi MQ Qp2`?2/X
LQM@bi`B+i 2pHmiBQMX HbQ FMQrM b Hxv 2pHmiBQM- Bi /2Hvb i?2 2pH@
miBQM Q7 M 2tT`2bbBQM mMiBH Bib pHm2 Bb `2[mB`2/ BM i?2 T`Q;`KX AM T`+iB+2-
i?Bb K2Mb i?i MQ BMBiBHBxiBQM rBHH Q++m` i `mMiBK2 #mi QMHv i i?2 }`bi
+HH bBi2X b M Hi2`MiBp2 iQ bi`B+i 2pHmiBQM- BiǶb MQi K2Mi iQ #2  `2TH+2@
K2Mi #mi  TQr2`7mH 2pHmiBQM i2+?MB[m2 i?i 2M#H2b +`BiB+H T2`7Q`KM+2
BKT`Qp2K2Mib BM +QM+`2i2 b+2M`BQbX AM a+H-  p`B#H2 +M #2 BMBiBHBx2/
HxBHv #v //BM; i?2 KQ/B}2` lazy- r?2`2b BM Qi?2` HM;m;2b HBF2 >bF2HH
2p2`v 2tT`2bbBQM Bb #v /27mHi 2pHmi2/ BM  MQM@bi`B+i rv #v i?2 +QKTBH2`X
6mbBQM QT2`iBQMX  mMB[m2 /pMi;2 Q7 /2HBM; rBi? Tm`2 7mM+iBQMb b
i?2 KQbi 2H2K2MiH HQ;B+H T`i Q7  T`Q;`K Bb 7mbBQM QT2`iBQMX h?Bb i2+?@
MB[m2 HHQrb mb iQ K2`;2 Mv MmK#2` Q7 7mM+iBQMb BMiQ QM2 M/ BKT`Qp2b i?2
Qp2`HH T2`7Q`KM+2 Q7 i?2 T`Q;`Kě +QKTBH2` Bb #H2 iQ K2`;2 7mM+iBQMb
M/ pQB/ Q#D2+i BMBiBHBxiBQM Qp2`?2/-  bB;MB}+Mi Bbbm2 7Q` HM;m;2b HBF2
a+H i?i `2T`2b2Mi 7mM+iBQMb b +Hbb2bX
JQM/bX a+H- b  T`Q;`KKBM; HM;m;2 i?i +QK#BM2b Q#D2+i@Q`B2Mi2/
M/ 7mM+iBQMH T`Q;`KKBM;- 2M+Qm`;2b /2p2HQT2`b iQ r`Bi2 Tm`2 7mM+iBQMbX
Sm`2 7mM+iBQMb /Q MQi T2`7Q`K Mv bB/2 2z2+i- i?2v KT pHm2b Q7 /Bz2`2Mi
ivT2b rBi?Qmi Hi2`BM;  bii2 Q` ?pBM; M Q#b2`p#H2 BMi2`+iBQM rBi? i?2
QmibB/2 rQ`H/X  ivTB+H BMbiM+2 Q7 M 2z2+i7mH 7mM+iBQM Bb,
def sum(x: Int, y: Int) = {
val res = x + y
println(s"x + y = {res}")
Ry *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
res
}
AM i?2 #Qp2 2tKTH2- println Bb  bB/2@2z2+i- bBM+2 Bi i`B;;2`b M AP 2z2+i
rBi?BM  7mM+iBQM i?i rb bmTTQb2/ iQ KT Int => IntX Hi?Qm;? i?Bb Bb
 MQi `2+QKK2M/2/ T`+iB+2 r?2M T`Q;`KKBM; BM a+H- bB/2 2z2+ib `2
i i?2 +Q`2 Q7 Mv T`Q;`K M/ r2 +MMQi ;2i `B/ Q7 i?2KX u2i- 7mM+iBQMH
T`Q;`KKBM; T`QpB/2b  #2ii2` rv iQ /2H rBi? i?2K- i?`Qm;? i?2 bQ@+HH2/
KQM/X
6Q`KHHv-  KQM/ Bb  Ki?2KiB+H bi`m+im`2 i?i `2T`2b2Mib +QKTmiiBQMb
b b2[m2M+2b Q7 bi2Tb-  TBT2HBM2 Q7 +QKTmiiBQMb 7`QK M BMTmi iQ M QmiTmiX
AM b?Q`i- Bi +M KQ/2H +QKTmiiBQMb M/ i?2B` +QK#BMiBQMb- 2p2M B7 i?2v
+QMiBM bB/2 2z2+ibX h?Bb BMi`Q/m+iQ`v 2tTHMiBQM /Q2b MQi BK i ;BpBM;
 7mHH 2tTHMiBQM Q7 i?Bb #bi`+iBQMěi?2`2 `2 #QQFb /2pQi2/ iQ i?2 bQH2
KQM/ #bi`+iBQMě- #mi  ;2M2`H Qp2`pB2r Q7 r?i  KQM/ BbX
Ji?2KiB+HHv-  KQM/ Bb /2}M2/ #v irQ 7mM+iBQMb,
RX `2im`M- HbQ FMQrM b mMBiX
kX DQBM- HbQ FMQrM b ~iJTX
JQM/b #B/2 #v i?2 bQ@+HH2/ KQM/ Hrb- r?B+? `2 MQi /2b+`B#2/ BM i?Bb
BMi`Q/m+iBQMX 6Q` `2/2`b BMi2`2bi2/ BM KQM/b M/ i?2B` T`QT2`iB2b- r2
`272` i?2K iQ Uq/H2`- kyRyV i?i 2tTHBMb i?Q`Qm;?Hv i?2B` 2bb2M+2 M/
BKTQ`iM+2 BM 7mM+iBQMH T`Q;`KKBM;X
*HQbm`2bX *HQbm`2b H2tB+H +HQbm`2b Q` 7mM+iBQM +HQbm`2bV `2  i2+?MB[m2
7Q` BKTH2K2MiBM; H2tB+HHv b+QT2/ MK2 #BM/BM; BM HM;m;2b rBi? }`bi@+Hbb
7mM+iBQMb UqBFBT2/B- kyReVX  +HQbm`2 Bb +QKTQb2/ Q7  7mM+iBQM iQ;2i?2`
rBi? M 2MpB`QMK2MiX M 2MpB`QMK2Mi Bb /2}M2/ b  KTTBM; bbQ+BiBM;
2+? 7`22 p`B#H2 Q7 i?2 7mM+iBQM Up`B#H2b i?i `2 mb2/ HQ+HHv- #mi /2}M2/
BM M 2M+HQbBM; b+QT2V rBi? i?2 pHm2 Q` biQ`;2 HQ+iBQM iQ r?B+? i?2 MK2
rb #QmM/ r?2M i?2 +HQbm`2 rb +`2i2/X *HQbm`2b HHQr i?2 #Q/v Q7 i?2
7mM+iBQM iQ ++2bb i?Qb2 +Tim`2/ p`B#H2b i?`Qm;? i?2 +HQbm`2Ƕb `272`2M+2
iQ i?2K- 2p2M r?2M i?2 7mM+iBQM Bb BMpQF2/ QmibB/2 i?2B` b+QT2X
kXRXk h?2 6mM+iBQM@SbbBM; JQ/2H
h?2 7mM+iBQM TbbBM; KQ/2H +QMbBbib Q7 i?`22 KBM +QKTQM2Mib,
Ç aBHQb, biiBQM`v- ivT2/- BKKmi#H2 /i +QMiBM2`bX
Ç aBHQ_27b, `272`2M+2b iQ HQ+H Q` `2KQi2 aBHQbX
Ç aTQ`2b, b72- b2`BHBx#H2 7mM+iBQMbX
aBHQb  bBHQ Bb  ivT2/ M/ BKKmi#H2 /i +QMiBM2`X Ai Bb biiBQM`v
BM i?2 b2Mb2 i?i Bi /Q2b MQi KQp2 #2ir22M K+?BM2běBi `2KBMb QM i?2
K+?BM2 r?2`2 Bi rb +`2i2/X .i biQ`2/ BM  bBHQ Bb ivTB+HHv HQ/2/ 7`QK
bi#H2 biQ`;2- bm+? b  /Bbi`B#mi2/ }H2 bvbi2KX  T`Q;`K QT2`iBM; QM
/i biQ`2/ BM  bBHQ +M QMHv /Q bQ mbBM;  `272`2M+2 iQ i?2 bBHQ-  SiloRefX
kXRX h?2 1bb2M+2 RR

















6B;m`2 kXj, "bB+ 7mM+iBQM TbbBM; KQ/2HX
aBHQ_27b aBKBH` iQ  T`Qtv Q#D2+i-  aBHQ_27 `2T`2b2Mib- M/ HHQrb BM@
i2`+iBM; rBi?- #Qi? HQ+H M/ `2KQi2 bBHQbX aBHQ_27b `2 BKKmi#H2- biQ`BM;
B/2MiB}2`b iQ HQ+i2 TQbbB#Hv `2KQi2 bBHQbX aBHQ_27b `2 HbQ ivT2/ USiloRef[T]V
+Q``2bTQM/BM; iQ i?2 ivT2 Q7 i?2B` bBHQǶb /i- H2/BM; iQ r2HH@ivT2/ M2irQ`F
+QKKmMB+iBQMX h?2 aBHQ_27 T`QpB/2b i?`22 T`BKBiBp2 QT2`iBQMbf+QK#BM@
iQ`b, map- flatMap- M/ sendX h?2 map K2i?Q/ KF2b mb2 Q7 /272``2/ 2pH@
miBQMc Bi TTHB2b  mb2`@/2}M2/ 7mM+iBQM iQ /i TQBMi2/ iQ #v i?2 aBHQ_27-
+`2iBM; BM  M2r bBHQ +QMiBMBM; i?2 `2bmHi Q7 i?Bb TTHB+iBQM- i?Qm;? i?Bb
TTHB+iBQM Bb /272``2/X h?i Bb- i?Bb +QKTmiiBQM Bb QMHv FB+F2/ Qz r?2M
i?2 send K2i?Q/ Bb BMpQF2/X h?Bb KF2b Bi TQbbB#H2 iQ [m2m2 mT Q` bi;2
i`Mb7Q`KiBQMb BM Q`/2` iQ QTiBKBx2 M2irQ`F +QKKmMB+iBQMX GBF2 map- i?2
TTHB+iBQM Q7 flatMap Bb /272``2/X flatMap TTHB2b  mb2`@/2}M2/ 7mM+iBQM
iQ /i TQBMi2/ iQ #v i?2 aBHQ_27X lMHBF2 map- ?Qr2p2`- i?2 mb2`@/2}M2/
7mM+iBQM Tbb2/ iQ flatMap `2im`Mb  aBHQ_27 r?Qb2 +QMi2Mib `2 i`Mb72``2/
iQ i?2 M2r bBHQ `2im`M2/ #v flatMapX 1bb2MiBHHv- flatMap 2M#H2b ++2bbBM;
i?2 +QMi2Mib Q7 UHQ+H Q` `2KQi2V bBHQb 7`QK rBi?BM `2KQi2 +QKTmiiBQMbX A
BHHmbi`i2 i?2b2 T`BKBiBp2b BM KQ`2 /2iBH BM a2+iBQM kXRX9X
Rk *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
kXRXj "bB+ lb;2
G2iǶb #2;BM rBi?  bBKTH2 pBbmH 2tKTH2 iQ BHHmbi`i2 i?2 #bB+b Q7 i?2 7mM+@
iBQM TbbBM; KQ/2HX
h?2 KBM ?M/H2 mb2`b ?p2 iQ i?2 7`K2rQ`F Bb pB aBHQ_27bX  aBHQ_27
+M #2 i?Qm;?i Q7 b M BKKmi#H2 ?M/H2 iQ /Bbi`B#mi2/ /i +QMiBM2/
rBi?BM  +Q``2bTQM/BM; bBHQX lb2`b BMi2`+i rBi? i?Bb /Bbi`B#mi2/ /i #v
TTHvBM; 7mM+iBQMb Ub bTQ`2bV iQ aBHQ_27b- r?B+? `2 i`MbKBii2/ Qp2` i?2
rB`2 M/ Hi2` TTHB2/ iQ i?2 /i rBi?BM i?2 +Q``2bTQM/BM; bBHQX b Bi Bb i?2
+b2 7Q` T2`bBbi2Mi /i bi`m+im`2b- r?2M  7mM+iBQM Bb TTHB2/ iQ  TB2+2 Q7
/Bbi`B#mi2/ /i pB  aBHQ_27-  aBHQ_27 `2T`2b2MiBM;  M2r bBHQ +QMiBMBM;
i?2 i`Mb7Q`K2/ /i Bb `2im`M2/X
h?2 bBKTH2bi BHHmbi`iBQM Q7 i?2 KQ/2H Bb b?QrM BM 6B;m`2 kXj UiBK2 ~Qrb
p2`iB+HHv 7`QK iQT iQ #QiiQKVX >2`2- r2 bi`i rBi?  SiloRef[T] r?B+?
TQBMib iQ  TB2+2 Q7 `2KQi2 /i +QMiBM2/ rBi?BM  Silo[T]X q?2M i?2
7mM+iBQM b?QrM b λ Q7 ivT2 T ⇒ S Bb TTHB2/ iQ SiloRef[T] M/ ǳ7Q`+2/Ǵ
Ub2Mi Qp2` i?2 rB`2V-  M2r aBHQ_27 Q7 ivT2 SiloRef[S] Bb BKK2/Bi2Hv `2@
im`M2/X LQi2 i?i SiloRef[S] +QMiBMb  `272`2M+2 iQ Bib T`2Mi aBHQ_27-
SiloRef[T]X Uh?Bb Bb ?Qr HBM2;2b `2 +QMbi`m+i2/XV J2Mr?BH2- i?2 7mM+@
iBQM Bb bvM+?`QMQmbHv b2Mi Qp2` i?2 rB`2 M/ Bb TTHB2/ iQ Silo[T]- 2p2Mim@
HHv T`Q/m+BM;  M2r Silo[S] +QMiBMBM; i?2 /i i`Mb7Q`K2/ #v 7mM+iBQM
λX h?Bb M2r SiloRef[S] +M #2 mb2/ 2p2M #27Q`2 Bib +Q``2bTQM/BM; bBHQ Bb
Ki2`BHBx2/ UBX2X #27Q`2 i?2 /i BM Silo[S] Bb +QKTmi2/V Ĝ i?2 7mM+iBQM
TbbBM; 7`K2rQ`F [m2m2b mT QT2`iBQMb TTHB2/ iQ SiloRef[S] M/ TTHB2b
i?2K r?2M Silo[S] Bb 7mHHv Ki2`BHBx2/X
.Bz2`2Mi bQ`ib Q7 +QKTH2t .:b +M #2 bvM+?`QMQmbHv #mBHi mT BM i?Bb
rvX h?Qm;? }`bi- iQ b22 ?Qr i?Bb Bb TQbbB#H2- H2iǶb /2p2HQT  +H2`2` B/2
Q7 i?2 T`BKBiBp2 QT2`iBQMb pBH#H2 QM aBHQ_27b M/ i?2B` b2KMiB+b BM i?2
7QHHQrBM; b2+iBQMX






































MACHINE 1 MACHINE 2 
1
2
Reference to a remote object  
Reference to a local object
3
4
6B;m`2 kX9,  bBKTH2 HBM2;2 Q` .: BM i?2 7mM+iBQM Tbb@
BM; KQ/2HX
R9 *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
kXRX9 S`BKBiBp2b
h?2`2 `2 7Qm` #bB+ T`BKBiBp2 QT2`iBQMb QM aBHQ_27b i?i iQ;2i?2` +M #2
mb2/ iQ #mBH/ i?2 ?B;?2`@Q`/2` QT2`iBQMb +QKKQM iQ TQTmH` /i@+2Mi`B+
/Bbi`B#mi2/ bvbi2KbX AM i?Bb b2+iBQM- A BMi`Q/m+2 i?2b2 T`BKBiBp2b BM i?2





KT def map[S](s: Spore[T, S]): SiloRef[S]
h?2 map K2i?Q/ iF2b  bTQ`2 i?i Bb iQ #2 TTHB2/ iQ i?2 /i BM i?2 bBHQ
bbQ+Bi2/ rBi? i?2 ;Bp2M aBHQ_27X _i?2` i?M BKK2/Bi2Hv b2M/BM; i?2
bTQ`2 +`Qbb i?2 M2irQ`F- M/ rBiBM; 7Q` i?2 QT2`iBQM iQ }MBb?- i?2 map
K2i?Q/Ƕb 2pHmiBQM Bb /272``2/X qBi?Qmi BMpQHpBM; Mv M2irQ`F +QKKmMB+@
iBQM- Bi BKK2/Bi2Hv `2im`Mb  aBHQ_27 `272``BM; iQ  M2r- bQQM@iQ@#2@+`2i2/
bBHQX h?Bb M2r aBHQ_27 QMHv +QMiBMb HBM2;2 BM7Q`KiBQM- MK2Hv-  `272`2M+2
iQ i?2 Q`B;BMH aBHQ_27-  `272`2M+2 iQ i?2 `;mK2Mi bTQ`2- M/ i?2 BM7Q`K@
iBQM i?i Bi Bb i?2 `2bmHi Q7  map BMpQ+iBQMX b 2tTHBM2/ #2HQr- MQi?2`
K2i?Q/- send Q` cache- Kmbi #2 +HH2/ 2tTHB+BiHv iQ 7Q`+2 i?2 Ki2`BHBxiBQM
Q7 i?2 `2bmHi bBHQX
hQ #2ii2` mM/2`biM/ ?Qr .:b `2 +`2i2/ M/ ?Qr `2KQi2 bBHQb `2 K@
i2`BHBx2/- A rBHH /2p2HQT  `mMMBM; 2tKTH2 i?`Qm;?Qmi i?Bb b2+iBQMX :Bp2M
 bBHQ +QMiBMBM;  HBbi Q7 Person `2+Q`/b- i?2 7QHHQrBM; TTHB+iBQM Q7 map
/2}M2b  UMQi@v2i@Ki2`BHBx2/V bBHQ +QMiBMBM; QMHv i?2 `2+Q`/b Q7 /mHib
U;`T?B+HHv b?QrM BM 6B;m`2 kX9- T`i RV,
val persons: SiloRef[List[Person]] = ...
val adults =
persons.map(spore { ps => ps.filter(p => p.age >= 18) })
~iJT def flatMap[S](s: Spore[T, SiloRef[S]]): SiloRef[S]
GBF2 map- i?2 flatMap K2i?Q/ iF2b  bTQ`2 i?i Bb iQ #2 TTHB2/ iQ i?2
/i BM i?2 bBHQ Q7 i?2 ;Bp2M aBHQ_27X >Qr2p2`- i?2 +`m+BH /Bz2`2M+2 Bb BM
i?2 ivT2 Q7 i?2 bTQ`2 `;mK2Mi r?Qb2 `2bmHi ivT2 Bb  aBHQ_27 BM i?Bb +b2X
a2KMiB+HHv- i?2 M2r bBHQ +`2i2/ #v flatMap Bb /2}M2/ iQ +QMiBM i?2 /i
Q7 i?2 bBHQ i?i i?2 mb2`@/2}M2/ bTQ`2 `2im`MbX h?2 flatMap +QK#BMiQ` //b
2tT`2bbBp2M2bb iQ i?2 KQ/2H i?i Bb 2bb2MiBH iQ 2tT`2bb KQ`2 BMi2`2biBM;
+QKTmiiBQM .:bX 6Q` 2tKTH2- +QMbB/2` i?2 T`Q#H2K Q7 +QK#BMBM; i?2
BM7Q`KiBQM +QMiBM2/ BM irQ /Bz2`2Mi bBHQb UTQi2MiBHHv HQ+i2/ QM /Bz2`2Mi
?QbibVX amTTQb2 i?2 BM7Q`KiBQM Q7  bBHQ +QMiBMBM; Vehicle `2+Q`/b b?QmH/
#2 2M`B+?2/ rBi? Qi?2` /2iBHb QMHv 7QmM/ BM i?2 adults bBHQX AM i?2 7QHHQrBM;-
flatMap Bb mb2/ iQ +`2i2  bBHQ Q7 (Person, Vehicle) TB`b r?2`2 i?2 MK2b
Q7 T2`bQM M/ p2?B+H2 QrM2` Ki+? U;`T?B+HHv b?QrM BM 6B;m`2 kX9- T`i kV,
val vehicles: SiloRef[List[Vehicle]] = ...
// adults that own a vehicle
kXRX h?2 1bb2M+2 R8
val owners = adults.flatMap(spore {
val localVehicles = vehicles // spore header
ps =>
localVehicles.map(spore {
val localps = ps // spore header
vs =>
localps.flatMap(p =>
// list of (p, v) for a single person p
vs.flatMap {





LQi2 i?i i?2 bTQ`2 Tbb2/ iQ flatMap /2+H`2b i?2 +Tim`BM; Q7 i?2 vehicles
aBHQ_27 BM Bib bQ@+HH2/ ǳbTQ`2 ?2/2`XǴ h?2 bTQ`2 ?2/2` bTMb HH p`B#H2
/2}MBiBQMb #2ir22M i?2 bTQ`2 K`F2` M/ i?2 T`K2i2` HBbi Q7 i?2 bTQ`2Ƕb
+HQbm`2X h?2 bTQ`2 ?2/2` /2}M2b i?2 p`B#H2b i?i i?2 bTQ`2Ƕb +HQbm`2 Bb H@
HQr2/ iQ ++2bbX 1bb2MiBHHv- bTQ`2b HBKBi i?2 7`22 p`B#H2b Q7 i?2B` +HQbm`2Ƕb
#Q/v iQ i?2 +HQbm`2Ƕb T`K2i2`b M/ i?2 p`B#H2b /2+H`2/ BM i?2 bTQ`2Ƕb
?2/2`X qBi?BM i?2 bTQ`2Ƕb +HQbm`2- Bi Bb M2+2bb`v iQ `2/ i?2 /i Q7 i?2
vehicles bBHQ BM //BiBQM iQ i?2 ps HBbi Q7 Person `2+Q`/bX h?Bb `2[mB`2b +HH@
BM; map QM localVehiclesX >Qr2p2`- map `2im`Mb  aBHQ_27c i?mb- BMpQFBM;
map QM adults BMbi2/ Q7 flatMap rQmH/ #2 BKTQbbB#H2- bBM+2 i?2`2 rQmH/ #2
MQ rv iQ ;2i i?2 /i Qmi Q7 i?2 bBHQ `2im`M2/ #v localVehicles.map(..)X
qBi? i?2 mb2 Q7 flatMap- ?Qr2p2`- i?2 +HH iQ localVehicles.map(..) +`2@
i2b i?2 }MH `2bmHi bBHQ- r?Qb2 /i Bb i?2M HbQ +QMiBM2/ BM i?2 bBHQ `2im`M2/
#v flatMapX
Hi?Qm;? i?2 2tT`2bbBp2M2bb Q7 i?2 flatMap +QK#BMiQ` bm#bmK2b i?i Q7 i?2
map +QK#BMiQ`- F22TBM; map b  UHB;?ir2B;?iV T`BKBiBp2 2M#H2b KQ`2 QTTQ`@
imMBiB2b 7Q` QTiBKBxBM; +QKTmiiBQM .:b U2X;X QT2`iBQM 7mbBQM U*?K#2`b
2i HX- kyRyVVX
b2M/ def send(): Future[T]
b K2MiBQM2/ 2`HB2`- i?2 2t2+miBQM Q7 +QKTmiiBQMb #mBHi mbBM; aBHQ_27b Bb
/272``2/X h?2 send QT2`iBQM 7Q`+2b i?2 /272``2/ +QKTmiiBQM /2}M2/ #v i?2
;Bp2M aBHQ_27X 6Q`+BM; Bb 2tTHB+Bi BM i?2 KQ/2H- #2+mb2 Bi `2[mB`2b b2M/BM;
i?2 HBM2;2 iQ i?2 `2KQi2 MQ/2 QM r?B+? i?2 `2bmHi bBHQ b?QmH/ #2 +`2i2/X
:Bp2M i?i M2irQ`F +QKKmMB+iBQM ?b  Hi2M+v b2p2`H Q`/2`b Q7 K;MBim/2
;`2i2` i?M ++2bbBM;  rQ`/ BM KBM K2KQ`v- T`QpB/BM; M 2tTHB+Bi b2M/
QT2`iBQM Bb  Dm/B+BQmb +?QB+2 UqH/Q 2i HX- RNNeVX
hQ 2M#H2 Ki2`BHBxiBQM Q7 `2KQi2 bBHQb iQ T`Q+22/ +QM+m``2MiHv- i?2 send
QT2`iBQM BKK2/Bi2Hv `2im`Mb  7mim`2 U>HH2` 2i HX- kyRkVX h?Bb 7mim`2 Bb
i?2M bvM+?`QMQmbHv +QKTH2i2/ rBi? i?2 /i Q7 i?2 ;Bp2M bBHQX aBM+2 +HHBM;
send rBHH Ki2`BHBx2  bBHQ M/ b2M/ Bib /i iQ i?2 +m``2Mi MQ/2- send
b?QmH/ QMHv #2 +HH2/ QM bBHQb rBi? `2bQM#Hv bKHH /i U7Q` 2tKTH2- BM i?2
BKTH2K2MiiBQM Q7 M ;;`2;i2 QT2`iBQM bm+? b reduce QM  /Bbi`B#mi2/
+QHH2+iBQMVX
Re *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
++?2 def cache(): Future[Unit]
h?2 T2`7Q`KM+2 Q7 ivTB+H /i MHviB+b DQ#b +M #2 BM+`2b2/ /`KiB+HHv
#v ++?BM; H`;2 /i b2ib BM K2KQ`v Uw?`B 2i HX- kyRkVX hQ /Q i?Bb- i?2
bBHQ +QMiBMBM; i?2 +QKTmi2/ /i b2i M22/b iQ #2 Ki2`BHBx2/X aQ 7`- i?2
QMHv rv iQ Ki2`BHBx2  bBHQ b?QrM Bb mbBM; i?2 send T`BKBiBp2X >Qr2p2`-
send //BiBQMHHv i`Mb72`b i?2 +QMi2Mib Q7  bBHQ iQ i?2 `2[m2biBM; MQ/2ěiQQ
Km+? B7  H`;2 `2KQi2 /i b2i b?QmH/ K2`2Hv #2 ++?2/ BM K2KQ`v `2KQi2HvX
h?2`27Q`2- M //BiBQMH T`BKBiBp2 +HH2/ cache Bb T`QpB/2/- r?B+? 7Q`+2b i?2
Ki2`BHBxiBQM Q7 i?2 ;Bp2M aBHQ_27- `2im`MBM; Future[Unit]X
:Bp2M i?2 `mMMBM; 2tKTH2 bQ 7`- QM2 +M // MQi?2` bm#;`T? #`M+?BM;
Qz Q7 adults- r?B+? bQ`ib 2+? Person #v ;2- T`Q/m+2b  String ;`2iiBM;-
M/ i?2M ǳFB+Fb@QzǴ `2KQi2 +QKTmiiBQM #v +HHBM; cache M/ ++?BM; i?2
`2bmHi BM `2KQi2 K2KQ`v U;`T?B+HHv b?QrM BM 6B;m`2 kX9- T`i j M/ 9V,
val sorted =
adults.map(spore { ps => ps.sortWith(p => p.age) })
val labels =
sorted.map(spore { ps => ps.map(p => "Welcome, " + p.name) })
labels.cache()
bbmKBM; QM2 rQmH/ HbQ ++?2 i?2 owners aBHQ_27 7`QK i?2 T`2pBQmb 2t@
KTH2- i?2 `2bmHiBM; HBM2;2 ;`T? rQmH/ HQQF b BHHmbi`i2/ BM 6B;m`2 kX9X
LQi2 i?i vehicles Bb MQi  `2;mH` T`2Mi BM i?2 HBM2;2 Q7 ownersc Bi Bb M
BM/B`2+i BMTmi mb2/ iQ +QKTmi2 owners #v pB`im2 Q7 #2BM; +Tim`2/ #v i?2
bTQ`2 mb2/ iQ +QKTmi2 ownersX
*`2iBM; aBHQb
"2bB/2b  ivT2 /2}MBiBQM 7Q` aBHQ_27- i?2 7`K2rQ`F HbQ T`QpB/2b  +QKTM@
BQM bBM;H2iQM Q#D2+i Ua+HǶb 7Q`K Q7 KQ/mH2bVX h?2 bBM;H2iQM Q#D2+i T`QpB/2b
7+iQ`v K2i?Q/b 7Q` Q#iBMBM; aBHQ_27b `272``BM; iQ bBHQb TQTmHi2/ rBi? bQK2
BMBiBH /i,R
object SiloRef {
def fromTextFile(h: Host)(f: File): SiloRef[List[String]]
def fromFun[T](h: Host)(s: Spore[Unit, T]): SiloRef[T]
def fromLineage[T](h: Host)(s: SiloRef[T]): SiloRef[T]
}
1+? Q7 i?2 7+iQ`v K2i?Q/b ?b  h T`K2i2` i?i bT2+B}2b i?2 i`;2i ?Qbi
U//`2bbfTQ`iV QM r?B+? iQ +`2i2 i?2 bBHQX LQi2 i?i i?2 fromFun K2i?Q/
iF2b  bTQ`2 +HQbm`2 b M `;mK2Mi iQ KF2 bm`2 Bi +M #2 b2`BHBx2/ M/
b2Mi iQ hX AM 2+? +b2- i?2 `2im`M2/ aBHQ_27 +QMiBMb Bib host b r2HH b 
?Qbi@mMB[m2 B/2MiB}2`X h?2 fromLineage K2i?Q/ Bb T`iB+mH`Hv BMi2`2biBM;
b Bi +`2i2b  +QTv Q7  T`2pBQmbHv 2tBbiBM; bBHQ #b2/ QM i?2 HBM2;2 Q7
 aBHQ_27 sX LQi2 i?i QMHv i?2 aBHQ_27 Bb M2+2bb`v 7Q` i?Bb QT2`iBQM iQ
bm++2bb7mHHv +QKTH2i2c i?2 bBHQ Q`B;BMHHv ?QbiBM; s KB;?i H`2/v ?p2 7BH2/X
R6Q` +H`Biv- QMHv K2i?Q/ bB;Mim`2b `2 b?QrMX SH2b2- HbQ MQi2 i?i i?2 #2HQr /27@
BMBiBQM Bb bHB;?iHv bBKTHB}2/- M/ i?2`27Q`2 /Q2b MQi Ki+? +QKTH2i2Hv i?2 +m``2Mi BKTH2@
K2MiiBQMX
kXkX 6mHi >M/HBM; Rd
kXk 6mHi >M/HBM;
h?2 7mM+iBQM TbbBM; KQ/2H BM+Hm/2b Qp2`HQ/2/ p`BMib Q7 i?2 T`BKBiBp2b
/Bb+mbb2/ bQ 7` r?B+? 2M#H2 i?2 /2}MBiBQM Q7 ~2tB#H2 7mHi ?M/HBM; b2KM@
iB+bX h?2 KBM B/2 Bb iQ bT2+B7v 7mHi ?M/H2`b 7Q` bm#;`T?b Q7 +QKTmiiBQM
.:bX h?2 ;mB/BM; T`BM+BTH2 Bb iQ KF2 i?2 /2}MBiBQM Q7 i?2 7BHm`2@7`22
Ti? i?`Qm;?  +QKTmiiBQM .: b bBKTH2 b TQbbB#H2- r?BH2 biBHH 2M#HBM;
i?2 ?M/HBM; Q7 7mHib i i?2 }M2@;`MmH` H2p2H Q7 BM/BpB/mH aBHQ_27bX
.2}MBM; 7mHi ?M/H2`b 6mHi ?M/H2`b Kv #2 bT2+B}2/ r?2M2p2` i?2
HBM2;2 Q7  aBHQ_27 Bb 2ti2M/2/X 6Q` i?Bb Tm`TQb2- i?2 BMi`Q/m+2/ map M/
flatMap T`BKBiBp2b `2 Qp2`HQ/2/X 6Q` 2tKTH2- +QMbB/2` i?2 T`2pBQmb 2t@
KTH2- #mi 2ti2M/2/ rBi?  7mHi ?M/H2`,
val persons: SiloRef[List[Person]] = ...
val vehicles: SiloRef[List[Vehicle]] = ...
// copy of `vehicles` on different host `h`
val vehicles2 = SiloRef.fromFun(h)(spore {




persons.map(spore { ps => ps.filter(p => p.age >= 18) })
// adults that own a vehicle
def computeOwners(v: SiloRef[List[Vehicle]]) =
spore {
val localVehicles = v
(ps: List[Person]) => localVehicles.map(...)
}
val owners: SiloRef[List[(Person, Vehicle)]] =
adults.flatMap(computeOwners(vehicles),
computeOwners(vehicles2))
AKTQ`iMiHv- BM i?2 flatMap +HH QM i?2 Hbi HBM2- BM //BiBQM iQ computeOwners(vehicles)-
i?2 `2;mH` bTQ`2 `;mK2Mi Q7 flatMap- computeOwners(vehicles2) Bb Tbb2/
b M //BiBQMH `;mK2MiX h?2 b2+QM/ `;mK2Mi `2;Bbi2`b  7BHm`2 ?M/H2`
7Q` i?2 bm#;`T? Q7 i?2 +QKTmiiBQM .: bi`iBM; i adultsX h?Bb K2Mb
i?i B7 /m`BM; i?2 2t2+miBQM Q7 computeOwners(vehicles) Bi Bb /2i2+i2/ i?i
i?2 vehicles aBHQ_27 ?b 7BH2/- Bi Bb +?2+F2/ r?2i?2` i?2 aBHQ_27 i?i i?2
?B;?2`@Q`/2` +QK#BMiQ` rb BMpQF2/ QM UBM i?Bb +b2- adultsV ?b  7BHm`2
?M/H2` `2;Bbi2`2/X AM i?i +b2- i?2 7BHm`2 ?M/H2` Bb mb2/ b M Hi2`MiBp2
bTQ`2 iQ +QKTmi2 i?2 `2bmHi Q7 adults.flatMap(..)X AM i?Bb 2tKTH2- r2
bT2+B}2/ computeOwners(vehicles2) b i?2 7BHm`2 ?M/H2`c i?mb- BM +b2
vehicles ?b 7BH2/- i?2 +QKTmiiBQM Bb `2i`B2/ mbBM; vehicles2 BMbi2/X
R3 *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
kXj S22`@iQ@T22` Sii2`Mb
aQ 7`- Qm` 2tKTH2b ?p2 7Q+mb2/ QM Kbi2`@rQ`F2` iQTQHQ;B2b i?i mM/2`Hv
KQ/2Hb HBF2 aT`FěBX2X  Kbi2` MQ/2 bT2+B}2b B/2MiB+H .:b Q7 +QKTmi@
iBQM 7Q` HH rQ`F2` MQ/2b iQ 7QHHQrX
h?2 7mM+iBQM TbbBM; KQ/2H- ?Qr2p2`- Bb MQi HBKBi2/ iQ i?2b2 bQ`ib Q7 iQTQHQ@
;B2bX Ai Bb BM/22/ TQbbB#H2 iQ /2p2HQT /2+2Mi`HBx2/- T22`@iQ@T22` iQTQHQ;B2b
QM iQT Q7 i?2 7mM+iBQM TbbBM; KQ/2HX 6Q` 2tKTH2-  bBM;H2 +QKTmi2 MQ/2
Kv ?Qbi bBHQb i?i `2 `2KQi2Hv `272`2M+2/ #v `2KQi2 aBHQ_27b- b r2HH b
aBHQ_27b `2KQi2Hv `272`2M+BM; bBHQb QM Qi?2` +QKTmi2 MQ/2bX
6m`i?2`- b r2 b?Qr BM i?2 7QHHQrBM; 2tKTH2- BiǶb HbQ TQbbB#H2 7Q` KmHiBTH2
+HB2Mib iQ #mBH/ +QKTH2i2Hv /Bz2`2Mi .:b Q7 +QKTmiiBQM Qz Q7 bQK2 bQm`+2
bBHQX AM 2z2+i- i?Bb 2M#H2b /ib2ib iQ #2 b?`2/ěi?2v 2tBbi QM+2 BM K2KQ`v
QM bQK2 MQ/2- #mi +M #2 mb2/ M/ i`Mb7Q`K2/ BM /Bz2`2Mi rvb #v /Bz2`2Mi
+HB2MibX
*QMbB/2` i?2 7QHHQrBM; 2tKTH2X q2 bi`i #v TQTmHiBM; M BMBiBH bBHQ `2T`2@
b2MiBM;  /ib2i Q7 Vehicle Q#D2+ib QM Host("lmpsrv1.scala-lang.org", 9999)X
val lmpsrv1 = Host("lmpsrv1.scala-lang.org", 9999)
// client #1
// populate initial silo
val vehicles: SiloRef[List[Vehicle]] =
Silo.fromTextFile(lmpsrv1)("hdfs://...")
val silo2 = vehicles.map(spore {
(vs: List[Vehicle]) =>
// extract US state from license plate string, e.g, "FL329098"
vs.map(v => (v.licensePlate.take(2), v)).toMap
})
val vehiclesPerState = silo2.send()
// client #2
// get siloref for silo that is being materialized due to client #1
val vehicles: SiloRef[List[Vehicle]] =
Silo.fromTextFile(lmpsrv1)("hdfs://...")
val silo2 = vehicles.map(spore {
// list all vehicles manufactured since 2013
(vs: List[Vehicle]) => vs.filter(v => v.yearManufactured >= 2013)
})
val vehiclesSince2013 = silo2.send()
>2`2- +HB2Mi OR rQmH/ HBF2 iQ T2`7Q`K bQK2 bQ`i Q7 +QKTmiiBQM #b2/ QM
i?2 bii2b i?i p2?B+H2b `2 `2;Bbi2`2/ BMX MQi?2` +HB2Mi- +HB2Mi Ok rQmH/
HbQ HBF2 iQ ++2bb i?Bb /ib2iX hQ /Q bQ- QM2 Kmbi bBKTHv QM+2 ;BM BMpQF2
fromTextFile QM i?2 bK2 ?Qbi- Host("lmpsrv1.scala-lang.org",9999)
iQ Q#iBM  aBHQ_27 i?i TQBMib iQ  +Q``2bTQM/BM; bBHQ i?i Bb H`2/v Q`
bQQM iQ #2 Ki2`BHBx2/X 6`QK ?2`2- +HB2Mi Ok Bb #H2 iQ #mBH/ M 2MiB`2Hv
kXjX S22`@iQ@T22` Sii2`Mb RN
/Bz2`2Mi .: Q7 +QKTmiiBQMb- 7Q` BMbiM+2 BM i?Bb 2tKTH2- }Hi2`BM; i?2
Q`B;BMH vehicle /ib2i iQ Q#iBM QMHv p2?B+H2b KMm7+im`2/ bBM+2 kyRjX
kXjXR .2+2Mi`HBx2/ 6mHi@>M/HBM;
MQi?2` T22`@iQ@T22` Tii2`M TQbbB#H2 BM i?2 7mM+iBQM TbbBM; KQ/2H Bb /2+2M@
i`HBx2/ 7mHi ?M/HBM;X PM2 Kv bT2+B7v bi`i2;B2b iQ i`Mb72` +QKTmiiBQM
iQ Qi?2` MQ/2b BM i?2 2p2Mi Q7 7BHm`2X
*QMbB/2` i?2 7QHHQrBM; 2tKTH2, M ;;`2;iBQM b?QmH/ #2 T2`7Q`K2/ b bQQM
b irQ bBHQb vehicles M/ persons ?p2 #22M Ki2`BHBx2/X h?2 ;;`2;iBQM
`2bmHi Bb i?2M +QK#BM2/ rBi?  bBHQ info QM bQK2 ?Qbi /Bz2`2Mi 7`QK i?2 HQ+H
?QbiX h?2 }MH `2bmHi Bb r`Bii2M iQ  /Bbi`B#mi2/ }H2 bvbi2K,
object Utils {
def aggregate(vs: SiloRef[List[Vehicle]],
ps: SiloRef[List[Person]]): SiloRef[String] = ...
def write(result: String, fileName: String): Unit = ...
}
val vehicles: SiloRef[List[Vehicle]] = ...
val persons: SiloRef[List[Person]] = ...
val info: SiloRef[Info] = ...
val fileName: String = "hdfs://..."
val done = info.flatMap(spore {
val localVehicles = vehicles
val localPersons = persons
(localInfo: Info) =>
aggregate(localVehicles, localPersons).map(spore {
val in = localInfo
res => combine(res, in)
})
}).map(spore {
val captured = fileName
combined => Utils.write(combined, captured)
})
done.cache() // force computation
h?Bb T`Q;`K /Q2b MQi iQH2`i2 7BHm`2b Q7 i?2 ?Qbi Q7 info, B7 Bi 7BHb #27Q`2
i?2 +QKTmiiBQM Bb +QKTH2i2- i?2 `2bmHi Bb M2p2` r`Bii2M iQ i?2 }H2X
q2 +M Qp2`+QK2 i?Bb mbBM; 7mHi ?M/H2`bX Ai Bb TQbbB#H2 iQ BMi`Q/m+2 MQi?2`
#+FmT ?Qbi r?B+? iF2b Qp2` BM +b2 i?2 ?Qbi Q7 info Ur?B+? Bb i?2 bK2 b
i?2 ?Qbi Q7 doneV 7BHb i Mv TQBMiX G2iǶb i`v i?2 #Qp2 +QKTmiiBQM ;BM-
i?Bb iBK2 mbBM; 7mHi ?M/H2`b iQ i`Mb72` i?2 +QKTmiiBQM iQ  #+FmT MQ/2
BM i?2 2p2Mi Q7  7BHm`2,
val doCombine = spore {
val localVehicles = vehicles
val localPersons = persons
(localInfo: Info) =>
aggregate(localVehicles, localPersons).map(spore {
val in = localInfo
res => combine(res, in)
ky *?Ti2` kX h?2 6mM+iBQM@TbbBM; JQ/2H
})
}
val doWrite = spore {
val captured = fileName
combined => Utils.write(combined, captured)
}
val done = info.flatMap(doCombine).map(doWrite)
val backup = SiloRef.fromFun(hostb)(spore { () => true })
val recovered = backup.flatMap(
spore {
val localDone = done
x => localDone
},
spore { // fault handler
val localInfo = info
val localDoCombine = doCombine
val localDoWrite = doWrite
val localHostb = hostb
x =>
// fromLineage makes sure, we re-run on hostb, rather than
// the host of info. That is, we just duplicate the lineage.




done.cache() // force computation on host of local
recovered.cache() // force computation on backup host
6B`bi- i?2 HQ+H p`B#H2b doCombine M/ doWrite `272` iQ i?2 p2`#iBK bTQ`2b
Tbb2/ iQ flatMap M/ map #Qp2X a2+QM/- backup Bb  /mKKv bBHQ QM 
#+FmT ?Qbi hostbX Ai Bb mb2/ iQ b2M/  bTQ`2 iQ i?2 #+FmT ?Qbi BM 
rv i?i HHQrb Bi iQ /2i2+i r?2i?2` i?2 ?Qbi Q7 donefinfo ?b 7BH2/X h?2
7mHi ?M/HBM; Bb /QM2 #v +HHBM; flatMap QM backup- TbbBM; UV  bTQ`2 7Q`
i?2 MQM@7BHm`2 +b2 M/ U#V  bTQ`2 7Q` i?2 7BHm`2 +b2X h?2 bTQ`2 7Q` i?2
MQM@7BHm`2 +b2 bBKTHv `2im`Mb i?2 done aBHQ_27X AKTQ`iMiHv- i?Bb 2M#H2b
hostb iQ /2i2+i 7BHm`2b Q7 i?2 ?Qbi Q7 doneX lTQM /2i2+iBM; bm+?  7BHm`2-
backup.flatMap TTHB2b i?2 bTQ`2 7Q` i?2 7BHm`2 +b2X AM i?Bb +b2- i?2
HBM2;2 Q7 i?2 +Tim`2/ info aBHQ_27 Bb mb2/ iQ `2biQ`2 Bib Q`B;BMH +QMi2Mib
BM  M2r bBHQ +`2i2/ QM i?2 #+FmT ?Qbi hostbX Aib aBHQ_27 Bb i?2M mb2/ iQ





q?2M }`bi HQQFBM; i i?2 `2HBxiBQM Q7 Mv T`QD2+i- QM2 Kmbi iF2 +`m+BH
/2+BbBQMb i?i +2`iBMHv /2i2`KBM2 Bib bm++2bbX h?Bb +?Ti2` T`2b2Mib  #`B27
Qp2`pB2r Q7 i?2 `2[mB`2K2Mi MHvbBb M/ /2Hp2b BMiQ i?2 T`Q+2bb Q7 };m`BM;
Qmi i?2 M22/b M/ T`QT2`iB2b Q7 i?2 T`QD2+iX 6m`i?2`- Bi 2tTHBMb i?2 bQ7ir`2
/2p2HQTK2Mi K2i?Q/QHQ;v M/ iF2b  +HQb2 HQQF iQ i?2 T`QD2+i b+?2/mH2X b
 r?QH2- Bi 2Hm+B/i2b i?2 /2+BbBQM@KFBM; T`Q+2bb i?i ;mB/2/ i?2 7QHHQrBM;
BKTH2K2MiiBQMX
jXR J2i?Q/QHQ;v
h?2 7mM+iBQM@TbbBM; BKTH2K2MiiBQM ?b 7QHHQr2/  biM/`/ bQ7ir`2 /2@
p2HQTK2Mi T`Q+2bb #b2/ QM ;BH2 K2i?Q/QHQ;B2bX :Bp2M i?2 Mim`2 Q7 i?2
T`QD2+i- a+`mK Uami?2`HM/ M/ a+?r#2`- RNN8V rb i?2 2KTHQv2/ K2i?Q/@
QHQ;vX h?Bb /2+BbBQM ?b #22M T`Qp2M iQ #2 F2v iQ i?2 }MH bm++2bb Q7 i?2
T`QD2+iX
AM ?BM/bB;?i- i`/BiBQMH Hi2`MiBp2b bm+? b i?2 ri2`7HH KQ/2H rQmH/ ?p2
?2/2/ i?Bb T`QD2+i iQ 7BHm`2X h?2B` KDQ` /Bb/pMi;2b `2 i?2B` bi`B+i@
M2bb M/ BM#BHBiv iQ HxBHv /Ti iQ TQbbB#H2 `2H@rQ`H/ b+2M`BQbX q?BH2
TmiiBM; i?2K BM T`+iB+2- i?2v KF2 bi`QM; bbmKTiBQMb QM i?2 bi#BHBiv Q7
i?2 i2+?MQHQ;v bi+Fb QM r?B+? i?2 bQ7ir`2 T`QD2+ib `2 #b2/- M/ /QMǶi
iF2 BMiQ ++QmMi mMT`2/B+i2/ +B`+mKbiM+2bX b M 2tKTH2- b2p2`H mM@
2tT2+i2/ bBimiBQMb /B/ BM/22/ Q++m` i?`Qm;?Qmi i?2 /2p2HQTK2Mi T`Q+2bbX
h?2b2 bBimiBQMb- 2tTHBM2/ Hi2` BM /2iBH- K/2 `2+QMbB/2` bT2+ib Q7 i?2
T`QD2+i- b r2HH b +?M;2/ i?2 T`BQ`BiBbiBQM Q7 i?2 ibFbX
AM T`iB+mH`- i?2b2 T`QT2`iB2b /QMǶi bmBi i?2 M22/b Q7  `2b2`+? T`QD2+i i?i
bTQ`ib i?2 7QHHQrBM; 72im`2b,
Ç oQHiBHBiv Q7 `2[mB`2K2MibX Hi?Qm;? `2[mB`2K2Mib r2`2 b2i 7`QK
i?2 #2;BMMBM;- ;QHb HBF2 K2KQ`v `2+HKiBQM r2`2 BMBiBHHv BM+Hm/2/ BM
i?2 BKTH2K2MiiBQM b+?2/mH2X 7i2` i?2 bi`i Q7 i?2 T`QD2+i- ?Qr2p2`-
BMp2biB;iBQM +QM+Hm/2/ i?i Bi rb  MQM@i`BpBH 72im`2 M/ `2[mB`2/
7m`i?2` i?2Q`2iB+H +QMbB/2`iBQMbX h?2 i?2Q`v /2iBHb r2`2 };m`2/ Qmi-
#mi Bib BKTH2K2MiiBQM rb /2HB#2`i2Hv b2i bB/2X
Ç AMbi#BHBiv Q7 bQ7ir`2 /2T2M/2M+B2bX h?2 7mM+iBQM@TbbBM; KQ/2H
/2T2M/b QM irQ T`2pBQmb p2BMb Q7 rQ`F, a+H SB+FHBM; UJBHH2` 2i HX-
kk *?Ti2` jX MHvbBb M/ S`QD2+i a+?2/mH2
kyRjV M/ UJBHH2`- >HH2`- M/ P/2`bFv- kyR9VX h?2b2 `2b2`+? T`QD2+ib
r2`2 `2HiBp2Hv vQmM; M/ +QMbB/2`2/ iQ #2 bi#H2X >Qr2p2`- i?2 +QK@
TH2tBiv Q7 i?2 //`2bb2/ T`Q#H2Kb BMi`Q/m+2/ mM2tT2+i2/ #m;b i?i
r2`2 /Bb+Qp2`2/ M/ }t2/ /m`BM; i?2 2t2+miBQM Q7 i?2 BKTH2K2MiiBQM-
b /2b+`B#2/ BM a2+iBQM 9XjX
Ç .Bb+Qp2`v Q7 ;Tb BM i?2 i?2Q`v i?i KF2 i?2 BKTH2K2MiiBQM
mMT`+iB+HX 6Q` BMbiM+2- b 2tTHBM2/ BM a2+iBQM 9X8- i?2 biiB+ b2`B@
HBxiBQM Q7 K2bb;2b r2Mi i?`Qm;? /Bz2`2Mi BKTH2K2MiiBQM ii2KTib
i?i 2p2MimHHv b?Qr2/ Bib mM72bB#BHBivX *QMb2[m2MiHv- i?2 KQ/2H iQQF
MQi?2` /Bz2`2Mi TT`Q+?X
lMHBF2 KQbi Q7 i?2 i`/BiBQMH BM/mbi`v bQ7ir`2- `2b2`+? M22/b M 2p2M
?B;?2` H2p2H Q7 ~2tB#BHBiv, //BiBQMH `2[mB`2K2Mib `2 /Bb+Qp2`2/ /m`BM; i?2
QM;QBM; /2p2HQTK2Mi- M/ Q`B;BMH B/2b iQ i+FH2 7mM/K2MiH T`Q#H2Kb im`M
Qmi iQ #2 mM72bB#H2 BM T`+iB+2X h?Bb Bb MQi  +QMb2[m2M+2 Q7 M BHH /2}MBiBQM
Q7 `2[mB`2K2Mib- #mi M BMi`BMbB+ `BbF Q7 Mv `2b2`+? T`QD2+iX AM/2T2M/2Mi
Q7 i?2 [mHBiv Q7 i?2B` /2}MBiBQM- i?2 /2;`22 Q7 T`2/B+i#BHBiv Bb HQr2`X b 
`2bmHi- #Qi? i?2Q`v M/ T`+iB+2 ?p2 iQ ?TT2M iQ;2i?2`- +QM}`KBM; 2+?
Qi?2` i?`Qm;? 2tT2`BK2MiiBQMX h?Bb Bb FMQrM b 2KTB`B+BbK- M 2KTB`B+H
T`Q+2bb +QMi`QH i?2Q`v i?i Bb i?2 #bBb 7Q` i?2 a+`mK i?2Q`v Uami?2`HM/
M/ a+?r#2`- kyRjVX
AM b?Q`i-  +mbiQK`v a+`mK i2+?MB[m2 rQ`F2/ ~rH2bbHv 7Q` bm+? FBM/ Q7
T`QD2+iX Ai Bb M 2z2+iBp2 K2i?Q/ 7Q` T`QD2+ib rBi? iB;?i iBK2HBM2b- +?M;BM;
`2[mB`2K2Mib- M/ #mbBM2bb +`BiB+HBiv US`2bbKM M/ JtBK- kyR8VX Pi?2`
;BH2 Hi2`MiBp2b r2`2 `mH2/ Qmi #b2/ QM i?2 rQ`F 2MpB`QMK2Mi- b BM i?2
+b2 Q7 sS U1ti`2K2 S`Q;`KKBM;VX h?2 M2ti b2+iBQM T`QpB/2b  i?Q`Qm;?
2tTHMiBQM Q7 i?2 mb2/ K2i?Q/QHQ;vX
jXRXR a+`mK
AM  Mmib?2HH- a+`mK Bb  7`K2rQ`F 7Q` /2p2HQTBM; M/ bmbiBMBM; +QKTH2t
T`Q/m+ibX Ai ?2HTb //`2bb +QKTH2t /TiBp2 T`Q#H2Kb- r?BH2 T`Q/m+iBp2Hv
M/ +`2iBp2Hv /2HBp2`BM; T`Q/m+ib Q7 i?2 ?B;?2bi pHm2 TQbbB#H2 Uami?2`HM/
M/ a+?r#2`- kyRjVX
qBi? Bi- i?2 7mM+iBQM@TbbBM; KQ/2H KF2b mb2 Q7  bHB;?i p`BiBQM Q7 a+`mK
i?i +QK#BM2b Bi rBi? EM#M-  i2+?MB[m2 i?i T`QKQi2b  #2ii2` ibF
KM;2K2MiX HbQ- i?2 `QH2b M/ K22iBM;b b2+iBQM /Bz2`b 7`QK  +QMp2MiBQMH
a+`mK TT`Q+?X
a+`mK ?b i?`22 KDQ` +QKTQM2Mib, i2Kb- bT`BMib M/ b+`mK K22iBM;bX
h?2b2 i?`22 +QK#BM2/ `2bmHi BM M 2bv Bi2`iBp2 rQ`F~Qr- r?B+? Bb i?2
2bb2M+2 Q7 i?2 KQ/2HX h?2 rQ`F~Qr Bb /2TB+i2/ BM };m`2 jXRX
h?2 a+`mK h2K
h?2 a+`mK i2K +QMbBbib Q7 i?2 S`Q/m+i PrM2`- i?2 .2p2HQTK2Mi h2K-
M/ i?2 a+`mK Jbi2`X "v /2}MBiBQM- i2Kb `2 b2H7@Q`;MBxBM; M/ +`Qbb@
7mM+iBQMH- i?i Bb- i?2v `2 2tT2`ib i?i FMQr ?Qr iQ ++QKTHBb? i?2B` rQ`F
jXRX J2i?Q/QHQ;v kj
6B;m`2 jXR, 1tKTH2 Q7  MQ`KH a+`mK rQ`F~Qr-
7`QK Ua+?r#2`- kyykVX
rBi?Qmi i?2 BMi2`p2MiBQM Q7 i?B`/ T`iB2bX h?2 ;2M2`H B/2 Bb iQ /2HBp2`
T`Q/m+ib #v Bi2`iBQMb- KtBKBxBM; i?2 722/#+FX
h?2 `QH2b Q7 i?2 a+`mK i2K `2 i?2 7QHHQrBM;,
Ç S`Q/m+i PrM2`, >2i?2` JBHH2`- i?2 Q`B;BMH +`2iQ` Q7 i?2 7mM+iBQM@
TbbBM; KQ/2H M/ }`bi mi?Q` Q7 i?2 T`QD2+ib a+H SB+FHBM; M/ aTQ`2b
Ub72 +HQbm`2bVX a?2 rb BM +?`;2 Q7 2Mbm`BM;  TQbBiBp2 Qmi+QK2 Qmi
Q7 i?2 T`QD2+i #v bmT2`pBbBM; Bi /B`2+iHvX
Ç a+`mK Jbi2`, >2i?2` JBHH2`X b a+`mK Kbi2`- b?2 rb HbQ i?2
T`QD2+i KM;2` Q7 i?2 7mM+iBQM@TbbBM; BKTH2K2MiiBQM- M/ ?2HT2/
i?2 /2p2HQTK2Mi i2K iQ Q`;MBb2 i?2 T`QD2+i BM KM;2#H2 +?mMFb Q7
rQ`FX
Ç .2p2HQTK2Mi h2K, CQ`;2 oB+2Mi2 *Mi2`QX b i?2 QMHv +QKTQ@
M2Mi Q7 i?2 /2p2HQTK2Mi i2K- ?2 rb BM +?M;2 Q7 /2p2HQTBM; i?2
BKTH2K2MiiBQM- b r2HH b +QMi`B#miBM; i?2Q`2iB+H BKT`Qp2K2Mib iQ
i?2 i?2Q`vX Jv +QM+`2i2 +QMi`B#miBQMb `2 2tTHBM2/ BM *?Ti2` 9X
>2i?2` JBHH2`- b i?2 S`Q/m+i PrM2` M/ i?2 a+`mK Jbi2`- rb #H2 iQ
7QHHQr +HQb2Hv i?2 2pQHmiBQM Q7 i?2 BKTH2K2MiiBQM- KF2 K22i i?2 /2/HBM2b
M/ 2Mbm`2 i?2 +Q``2+i 2t2+miBQM Q7 i?2 K2i?Q/QHQ;vX >2` pBbBQM Q7 i?2 }MH
`2bmHi M/ T`2pBQmb FMQrH2/;2 Q7 HH i?2 i2+?MQHQ;v bi+F TH+2/ ?2` BM 
7pQ`#H2 TQbBiBQM iQ Q`+?2bi`i2 i?2 2MiB`2 T`QD2+iX
aT`BMib
aT`BMib `2 BM/2T2M/2Mi- b2H7@+QMiBM2/ T2`BQ/b Q7 iBK2 BM r?B+? i?2 T`Q/m+i
Bb /2p2HQT2/X b i?2 #bB+ iBK2 mMBi Q7 Mv T`QD2+i- Bi +QKT`Bb2b b2p2`H ibFb
k9 *?Ti2` jX MHvbBb M/ S`QD2+i a+?2/mH2
6B;m`2 jXk, _QH2b BM i?2 a+`mK h2K- 7`QK Uob?Bb?i?-
kyRkVX
i?i +?B2p2  +QM+`2i2 ;QH iQr`/b i?2 /2bB`2/ bQ7ir`2 BKTH2K2MiiBQMX
Ai Bb K2Mi iQ Bi2`i2 Qp2` i?2 7mM+iBQMHBiv M/ T`Q/m+2 +QM+`2i2- rQ`FBM;
T`QiQivT2b i?i +M #2 im`M2/ BM iQ i?2 T`Q/m+i QrM2` M/ `2+2Bp2 TT`QTBi2
722/#+FX
aT`BMib mbmHHv Hbi QM2 KQMi? M/ `mM b2[m2MiBHHvX h?2B` H2M;i? +M p`v-
Hi?Qm;? Bi Bb +mbiQK`v iQ F22T i?2 /m`iBQM b BbX h?2 iBK2 `2[mB`2K2Mib
7Q` i?Bb i?2bBb b2i i?2 /m`iBQM Q7 i?2 T`QD2+i iQ  iQiH KQmMi Q7 jyy rQ`F@
BM; ?Qm`bX h?2`27Q`2- iQ +QKTHv rBi? i?2 iBK2HBM2- /DmbiK2Mib r2`2 TTHB2/
iQ #Qi? i?2 H2M;i? M/ i?2 [mMiBiv Q7 bT`BMibX h?2b2 iBK2 +QMbi`BMib 2p2M@
imHHv `2bmHi2/ BM QM2 bT`BMi 2p2`v Rk /vb rBi?  rQ`FHQ/ Q7 8 ?Qm`bX h?i
//2/ mT iQ  iQiH Q7 9 bT`BMibX
a+`mK J22iBM;b
q?BH2  +Q``2+i b+?2/mHBM; Q7 i?2 bT`BMib Bb BM/BbT2Mb#H2- a+`mK K22iBM;b
`2 M BKTQ`iMi 2H2K2Mi Q7 i?2 K2i?Q/QHQ;v M/ BKT`Qp2 i?2 +QMi`QH Qp2`
i?2 T`QD2+i 2pQHmiBQMX
h`/BiBQMHHv- i?2`2 `2 irQ ivT2b Q7 K22iBM;b, /BHv K22iBM;b i?i ;Bp2 /v@
iQ@/v 722/#+F QM i?2 biimb Q7 i?2 ibFb mM/2` /2p2HQTK2Mi- M/ bT`BMi
`2pB2r K22iBM;b- HbQ FMQrM b KQMiHv K22iBM;b- i?i `2TQ`i QM i?2 ;QHb
+?B2p2/ BM 2p2`v bT`BMi Uami?2`HM/ M/ a+?r#2`- kyRjVX
b 7Q` i?2 K22iBM;b- i?2v r2`2 bBKBH`Hv ?2H/ 7i2` 2+? bT`BMiX h?2 /BHv
K22iBM;b- ?Qr2p2`- mM/2`r2Mi bQK2 +?M;2bX  r22FHv K22iBM; rb +``B2/
Qmi /m`BM; QM2 Q` irQ ?Qm`b- M/ i?2`2 rb  bmKK`v Q7 i?2 +?B2p2/ ;QHb
M/ /B{+mHiB2b HKQbi 2p2`v /vX lMHBF2 i?2 bT`BMi `2pB2r K22iBM;b- i?2b2
r2`2 KQ`2 7bi M/ BM7Q`KHX q?2M MQ T`Q;`2bb rb /QM2- BM +b2b r?2`2
i?2 +QKTH2tBiv Q7 i?2 ibFb rb ?B;? M/ `2[mB`2/ iBK2- i?2v r2`2 bFBTT2/X
jXRXk EM#M
EM#M UJQM/2M- RN3jV Bb  b+?2/mHBM; bvbi2K 7Q` H2M KMm7+im`BM; M/
Dmbi@BM@iBK2 KMm7+im`BM; UEM#MVX AM b?Q`i- Bi Bb rB/2Hv mb2/ BM i?2
bQ7ir`2 BM/mbi`v iQ ++m`i2Hv Q`;MBb2 i?2 T`Q/m+i #+FHQ;- +QQ`/BMi2
i?2 i2K K2K#2`b M/ b?Qr i?2 Qp2`HH biimb Q7 i?2 T`QD2+i BM QM2 #Q`/X
jXkX _2[mB`2K2Mi MHvbBb k8
jXk _2[mB`2K2Mi MHvbBb
 +`27mH `2[mB`2K2Mi MHvbBb b2ib i?2 b+QT2- bim/B2b i?2 /2T2M/2M+B2b #2@
ir22M 72im`2b- M/ ?2HTb T`BQ`BiBb2 i?2 +`BiB+H 7mM+iBQMHBiB2bX h?Bb T`Q+2bb
mbmHHv rQ`Fb b 7QHHQrb, URV 2HB+Bib `2[mB`2K2Mib- UkV MHvx2b i?2K- M/ UjV
/Q+mK2Mib i?2K- i`MbHiBM; i?2K BMiQ +QM+`2i2- K2bm`#H2 ;QHbX
h?2 `2[mB`2K2Mib 2HB+BiiBQM Bb i?2 +QHH2+iBQM Q7 HH i?2 `2[mB`2K2Mib Q7  bvb@
i2K 7`QK i?2 T`Q/m+i QrM2` M/ i?2 mb2`b-R BX2X /Bbi`B#mi2/ bvbi2Kb #mBH/2`bX
q?2`2b KQbi Q7 i?2K r2`2 bT2+B}2/ #v  T`2pBQmb /`7i Q7 i?2 7mM+iBQM@
TbbBM; KQ/2H TT2`-k Qi?2`b r2`2 /Bb+Qp2`2/ /m`BM; i?2 +Qm`b2 Q7 i?Bb MH@
vbBb M/ 2ti`+i2/ 7`QK BMi2`pB2rb rBi? i?2 bmT2`pBbQ`X
PM+2 `2[mB`2K2Mib `2 b2i M/ MHvx2/- i?2 M2ti bi2T Bb iQ /Q+mK2Mi i?2KX
h?2b2 bT2+B}+iBQMb T`QpB/2 +iBQM#H2 Bi2Kb iQ Hi2` T?b2b Q7 i?2 T`QD2+iX
h?2v `2 b2H7@+QMiBM2/ M/ 2tTHB+Bi- mbmHHv bii2/ BM  +QMbi`BM2/ bi`m+im`2
M/ rBi?  }MBi2 b2i Q7 i2+?MB+H rQ`/bX _2[mB`2K2Mib +M #2 /Q+mK2Mi2/ BM
b2p2`H rvb- 7`QK mb2 +b2 /B;`Kb iQ T`Q+2bb bT2+B}+iBQMbX AM Qm` +b2-
mb2` biQ`B2b `2 i?2 2KTHQv2/ 7Q`KiX 6QHHQrBM; i?2 ;BH2 KBM/b2i U"2+F 2i
HX- kyyRV- mb2` biQ`B2b `2- r2 #2HB2p2-  T2`72+i rv iQ +QMp2v i?2 2bb2M+2
Q7 i?2 `2[mB`2K2MibX qB/2Hv mb2/ BM BM/mbi`v- i?2v `2  T2`72+i }i 7Q` i?Qb2
r?Q T`272` bBKTHB+Biv Qp2` 2t?mbiBpBivX
lb2` aiQ`B2b lb2` biQ`B2b `2 T`iB+mH`Hv mb27mH 7Q` i2biBM; Tm`TQb2bX
h?2v /QMǶi QMHv /Q+mK2Mi `2[mB`2K2Mib- #mi pHB/i2 i?2KX h?2B` bi`m+im`2
Bb 2tTHBM2/ BM 6B;m`2 jXjX "v +QMp2MiBQM- i?2v `2 rQ`/2/ BM i?2 7QHHQrBM;
}t2/ bi`m+im`2 Ƕb  I`QH2=- A rMi I ;QHf/2bB`2= bQ i?i I#2M2}i=ǶX
h?2v `2 B/2MiB}2/ #v mMB[m2 MmK#2`b M/ ?p2  KQ`2 /2iBH2/ /2b+`BTiBQM-
iBK2 M/ T`BQ`Biv 2biBKi2bjX
6B;m`2 jXj, ai`m+im`2 Q7  mb2` biQ`v- 7`QK UuQ/Bx- kyRkVX
RMv `272`2M+2 iQ biF2?QH/2`b Bb +QMb+BQmbHv QKKBii2/X b  `2b2`+? T`QD2+i- i?2
biF2?QH/2`b `2 MQi +H2` M/ r2HH /2}M2/X AMimBiBp2Hv- i?2v rQmH/ #2 i?2 r?QH2 a+H
+QKKmMBiv- b r2HH b /Bbi`B#mi2/ bvbi2KbǶ #mBH/2`b- #mi i?2v ?p2MǶi Q{+BHHv T`iB+BTi2/
BM i?Bb MHvbBbX S`2pBQmb +QMi+ib rBi? TQTmH` +QKTMB2b HBF2 .i#`B+Fb b?Qr2/ TQbBiBp2
722/#+F QM i?2 T`QTQb2/ KQ/2HX
kh?2 +m``2Mi p2`bBQM Q7 i?2 TT2` Bb UJBHH2` 2i HX- kyReV M/ Bi rBHH #2 7Q`KHHv T`2b2Mi2/
iQ i?2 Tm#HB+ BM i?2 PMr`/ kyRe +QM72`2M+2X
jhBK2 2biBKi2b `2 Q7i2M `2T`2b2Mi2/ BM i2`Kb Q7 biQ`v TQBMibX
ke *?Ti2` jX MHvbBb M/ S`QD2+i a+?2/mH2
jXkXR 6mM+iBQMH _2[mB`2K2Mib
h?2 mb2` biQ`B2b `2 bT2+B}2/ b 7QHHQrb,
As a user of the API, I want to




As a user of the API, I want to map
over any silo so that I can trans-
form the stored data.
Priority: 90
Story points 6#2
As a user of the API, I want to
flat map over any silo so that I can
transform the stored data.
Priority: 90
Story points 6#3
As a user of the API, I want to ex-
tend the fault-tolerance mechanism




As a user of the API, I want to
plug in any network backend so




As a user of the API, I want to im-
plement higher-order functions ba-
sed on map and flatmap so that I
can build other interfaces atop of it.
Priority: 80
Story points 2#6
As a user of the API, I want to




As a user of the API, I want to
asynchronously send transforma-




h?2 7mM+iBQM@TbbBM; KQ/2H Bb  KB//H2r`2X b bm+?- Bi T`QpB/2b  ?B;?@
H2p2H SA iQ Qi?2` bQ7ir`2 /2p2HQT2`b i?i rMi iQ #mBH/ /Bbi`B#mi2/ /i@
Q`B2Mi2/ bvbi2KbX lb2` biQ`B2b `2 ;QQ/ i /2TB+iBM; i?2 BMi2`+iBQM Q7 i?2
mb2`b M/ i?2 T`Q/m+iěbm+? BMi2`+iBQM Bb ++m`i2 M/ #bi`+i2/X "mi-
r?2M Bi +QK2b iQ i?2 /2bB;M Q7 7`K2rQ`Fb- i?2 H2p2H Q7 T`2+BbBQM pMBb?2bX
6Q` BMbiM+2- H2iǶb iF2  bBKTH2 mb2` biQ`v HBF2 OkX Ai bii2b QM2 +QM+`2i2
#2?pBQm` Q7 i?2 bvbi2K- #mi 7Q` i?Bb 72im`2 iQ rQ`F b2p2`H Hv2`b Q7 i?2
7`K2rQ`F M22/ iQ #2 +`27mHHv #mBHi- ;QBM; 7`QK i?2 M2irQ`F #+F2M/ iQ i?2
}MH mb2` BMi2`7+2- M/ TbbBM; i?`Qm;? Qi?2` b2p2`H Hv2`b HBF2 i?2 7mHi@
iQH2`M+2 Hv2` M/ bim#b9X hQ bQHp2 i?Bb Bbbm2-  M2r H2p2H Q7 BM/B`2+iBQM Bb
`2[mB`2/X
9h?2 bim# Hv2`b T`QpB/2 KQ/mH`Biv M/ HHQr iQ THm; BM /Bz2`2Mi bQ7ir`2 T`QD2+ib iQ
biBb7v  T`iB+mH` M22/X
jXkX _2[mB`2K2Mi MHvbBb kd
AM Q`/2` iQ KF2 i?2 /2p2HQTK2Mi T`Q+2bb 2bB2`- i?2b2 ibFb r2`2 bm#/BpB/2/
BMiQ BKTH2K2MiiBQM@Q`B2Mi2/ ibFbX h?Bb irQ7QH/ T`Q+2bb 2M+QKTbb2/,
Ç  /B`2+i KTTBM; 7`QK #bi`+i mb2` biQ`B2b iQ i?2 `2[mB`2K2Mib Q7
2+? Hv2` Q7 i?2 7`K2rQ`FX
Ç  T`BQ`BiBbiBQM Q7 i?2 72im`2b Q7 2+? Hv2` #b2/ QM i?2 /2;`22 Q7
/2T2M/2M+v i?i i?2 mb2` biQ`B2b `2[mB`2/X
6B;m`2 jX9 M/ jX8 b?Qr i?2 }MH Qmi+QK2 Q7 i?2 T`Q+2bbX hbFb ?p2 T`2@
/2+2bbQ`b- QM r?B+? i?2v /2T2M/- b r2HH b iBK2 2biBKi2bX hbFb r2`2
2t2+mi2/ b2[m2MiBHHv bBM+2 i?2`2 rb QMHv QM2 /2p2HQT2`X h?2 /2T2M/2M+v
;`T?- r?B+? rb `i?2` BMi`B+i2- `mH2/ Qmi Mv TQbbB#BHBiv 7Q` bvM+?`QMQmb
ibFbX
k3 *?Ti2` jX MHvbBb M/ S`QD2+i a+?2/mH2
6B;m`2 jX9, oB2r Q7 i?2 BKTH2K2MiiBQM ibFb R@jjX
jXkX _2[mB`2K2Mi MHvbBb kN
6B;m`2 jX8, oB2r Q7 i?2 BKTH2K2MiiBQM ibFb j9@8jX
jXkXk LQM@7mM+iBQMH _2[mB`2K2Mib
LQM@7mM+iBQMH `2[mB`2K2Mib `2 i?2 [mHBiv ii`B#mi2b Q7 i?2 7mM+iBQM@TbbBM;
KQ/2H- M/ /2b+`B#2 MQM@#2?pBQm`H `2[mB`2K2MibX h?2v bmKK`Bx2 i?2
bi`QM; TQBMib Q7 i?2 }MH BKTH2K2MiiBQM M/ 7Q+mb QM i?2B` T`QT2`iB2bX
i i?2 +Q`2 Q7 i?2 bvbi2K- Bi HB2b i?2 B/2 i?i 7`K2rQ`Fb #mBHi iQT Q7 i?2
7mM+iBQM@TbbBM; KQ/2H ?p2 KQ`2 #2M2}ib i?M i?2B` +QmMi2`T`ibX8 h?2`2@
7Q`2- Bi BKb i +?B2pBM; i?2 7QHHQrBM; T`QT2`iB2b,
RX S2`7Q`KM+2X h?2 /Bz2`2M+2 #2ir22M `QHHBM;@vQm`@QrM@7`K2rQ`F
bi`i2;v M/ H2p2`;BM; i?2 7mM+iBQM@TbbBM; KQ/2H ?b iQ #2 MQiB+2@
#H2- M/ bB;MB}+MiHv 7bi2`X
8h?2 +QmMi2`T`ib `2 i?2 +m``2Mi 7`K2rQ`Fb rQ`FBM; BM T`Q/m+iBQM i?i `QHH i?2B`
QrM BKTH2K2MiiBQMb iQ bmTTQ`i QMHv QM2 mb2 +b2, TbbBM; +HQbm`2b #2ir22M /Bbi`B#mi2/
M2irQ`Fb BM  7mHi@iQH2`Mi- `2HB#H2 rvX
jy *?Ti2` jX MHvbBb M/ S`QD2+i a+?2/mH2
kX 6mHi iQH2`M+2X Mv /Bbi`B#mi2/ bvbi2K #mBH/2` FMQrb i?i 7mHi
iQH2`M+2 Bb /B{+mHiX h?2 7mM+iBQM@TbbBM; KQ/2H //`2bb2b i?Bb Bbbm2
#v /2bB;MěBi T`QpB/2b 2ti2MbB#H2 rvb iQ 2M`B+? `mMiBK2 #2?pBQm`b
r?2M 7BHm`2b Q++m`X
jX JQ/mH`BivX 1M/@mb2`b ?p2 bT2+B}+ `2[mB`2K2Mib r?2M #mBH/BM;
i?2B` T`Q/m+ibX h?2b2 M22/b +?M;2 /2T2M/BM; QM i?2 i2+?MQHQ;v bi+F
i?i Bb mb2/X AM Q`/2` iQ biBb7v Mv TQi2MiBH mb2`b- i?2v Kmbi #2 #H2
iQ KF2 mb2 Q7 i?2 T`QTQb2/ KQ/2H Qp2` Mv M2irQ`F #+F2M/X
9X JMiBM#BHBivX LQM@KBMiBM#H2 T`Q/m+ib `2 MQi #H2 iQ F22T mT
rBi? i?2 iBK2X "v #mBH/BM; iQT i?2 KQ/2H- 7`K2rQ`Fb /QMǶi M22/
iQ BKTH2K2Mi i?2B` QrM bQHmiBQMb iQ bQHp2  ;2M2`H T`Q#H2KX *QMb2@
[m2MiHv- +Q/2#b2b b?`BMF M/ `2 bBKTHB}2/X
h?2 7Q`2K2MiBQM2/ T`QT2`iB2b `2 2tTHBM2/ BM /2iBH BM *?Ti2` 9- i?i
/Bb+mbb2b i?2 BKTH2K2MiiBQM ;QHb M/ ?Qr i?2v `2 +?B2p2/X
jXj S`QD2+i a+?2/mH2
_2b2`+? T`QD2+ib M22/ bT2+BH ii2MiBQM 7`QK  bQ7ir`2 2M;BM22`BM; T2`@
bT2+iBp2- b TQBMi2/ Qmi BM jXRX h?2 bK2 `;mK2Mi TTHB2b 7Q` i?2 T`QD2+i
b+?2/mH2ěBi Bb BKTQbbB#H2 iQ KF2 Q#D2+iBp2- T`2/B+i#H2 iBK2 2biBKi2b Qp2`
i?2 r?QH2 /m`iBQM Q7 i?2 T`QD2+iX  M2r T`Q+2/m`2 iQ b+?2/mH2 i?2 T`QD2+i
Bb M2+2bb`vX
"b2/ QM i?2 a+`mK K2i?Q/QHQ;v- BiǶb TQbbB#H2 iQ K2bm`2 i?2 iBK2 Q7 i?2
T`QD2+i #v //BM; i?2 biQ`v TQBMib Q7 2p2`v mb2` biQ`v- M/ ?pBM;  iBK2
2biBKi2 7Q` 2p2`v biQ`v TQBMiX am+? BM7Q`KiBQM- r?B+? mbmHHv Bb #+F2/ mT
#v `2H /i Q7 T`2pBQmb T`QD2+ib- ;Bp2b  ?BMi QM i?2 Qp2`HH KQmMi Q7 iBK2
`2[mB`2/ iQ #mBH/ i?2 7`K2rQ`FX h?2 H+F Q7 /i `2bmHib BM  T2bbBKBbiB+
2biBKiBQM, 8 ?Qm`b T2` biQ`v TQBMiX
h?2`2#v-  b2MbB#H2 iBK2 2biBKi2 Bb R3y ?Qm`b U5 ?Qm`bfbiQ`v TQBMi · 36 biQ`v
TQBMib = 180 ?Qm`bV- rBi?Qmi +QMbB/2`BM; i?2 iBK2 7Q` ;2iiBM; 7KBHB` rBi?
i?2 2+Qbvbi2K M/ HB#``B2bX b  bT`BMi Bb Rk /vb HQM;- BX2X 93 ?Qm`b- i?2`2
Bb biBHH iBK2 7Q` M //BiBQMH bT`BMiX "2HQr- r2 bvMi?2bBx2 i?2 ;2M2`H ibFb
M/ B/2b #2?BM/ 2+? bT`BMiX  +QKTH2i2 /2b+`BTiBQM Q7 i?2 +``B2/ Qmi ibFb
`2 Bb b?QrM BM 6B;m`2b jXe- jXd M/ jX3X
aT`BMi R Ĝ :2iiBM; `2/v b i?2 }`bi bT`BMi- i?2 ;QH Bb iQ BMi`Q/m+2 i?2
i2+?MQHQ;v bi+F M/- BM T`iB+mH`- +QKTBH2@iBK2 K2iT`Q;`KKBM; BM a+H-
r?B+? Hv i?2 7QmM/iBQMb Q7 a+H SB+FHBM; M/ aTQ`2bX LQi QMHv `2bi`B+i2/ iQ
M BM@/2Ti? bim/v Q7 #Qi? 7`K2rQ`Fb- i?Bb bT`BMi BMpQHp2b 2tT2`BK2MiiBQM
rBi? i?2 a+H M/ Cp _2~2+iBQM SAb- i?2 BMi2`MHb Q7 i?2 CoJ M/
i?2 :* UGBM/?QHK 2i HX- kyRjc "HQQK- kyRjc JB+`Qbvbi2Kb- kyyec avbi2Kb-
kyRkVXe
eS`2pBQmb FMQrH2/;2 #Qmi i?2 CoJ Bb +`BiB+H rBi? `2;`/ iQ #mBH/BM;  T2`7Q`KMi
7`K2rQ`F- M/ 2p2M KQ`2 BKTQ`iMi 7Q` 7`K2rQ`Fb r?Qb2 BMi2`MHb KF2 mb2 Q7 `2~2+iBQMX
lM/2`biM/BM; ?Qr i?2 CoJ 7+BHBii2b bm+? QT2`iBQMb Bb F2v iQ pQB/ 2M/H2bb /2#m;;BM;
b2bbBQMbX b  bB/2 MQi2- `2~2+iBQM BM i?2 7mM+iBQM@TbbBM; KQ/2H rQmH/ #2 /Bb#H2/ #v
/27mHi- #mi b+H@TB+FHBM; biBHH M22/b iQ /2H rBi? BiX
jXjX S`QD2+i a+?2/mH2 jR
aT`BMi k Ĝ "bB+ T`QiQivT2 h?2 b2+QM/ bT`BMi BKb i #mBH/BM; i?2
M2irQ`F T`BKBiBp2b- KQ/mH`BbBM; i?2 M2irQ`F Hv2` M/ T2`7Q`KBM;  [mB+F
KQ/2HBM; Q7 Silob M/ SiloRefbX h?2 2tT2+i2/ QmiTmi Bb  T`QQ7 Q7 +QM@
+2Ti i?i BHHmbi`i2b i?2 72bB#BHBiv Q7 i?2 7mM+iBQM@TbbBM; KQ/2H iQT Q7
L2iiv UL2iiv- kyRRVX
aT`BMi j Ĝ qQ`FBM; T`QiQivT2 i i?Bb TQBMi- i?2 7`K2rQ`Fb Bb BM 
`Qm;? bii2X u2i- bQK2 F2v 72im`2b `2 KBbbBM;- 7mHi@iQH2`M+2 Bb ~Fv M/
T2`7Q`KM+2 Bb #/X h?2 rQ`FBM; T`QiQivT2 im`Mb i?2 T`QQ7 Q7 +QM+2Ti BMiQ
 KQ`2 `Q#mbi M/ `B+? 7`K2rQ`F- ;2M2`HBx2b i?2 mb2 +b2b M/ bi`ib iQ
/`7i i?2 }MH SAX
aT`BMi 9 Ĝ PTiBKBxBM; i?2 KQ/2H q?BH2 i?2 rQ`FBM; T`QiQivT2 bmBib i?2
M22/b Q7 KQbi mb2`b- /pM+2/ /2p2HQT2`b i?i M22/ iQ #mBH/ ?B;?@T2`7Q`KM+2
b+H#H2 7`K2rQ`Fb rQmH/MǶi #2 ?TTv rBi? i?2 +m``2Mi BKTH2K2MiiBQM Q7
i?2 T`Q;`KKBM; KQ/2HX >2M+2- i?Bb bT`BMi TQHBb?2b i?2 KQ/2H- i?2 BMi2`@
7+2b- i?2 7mHi@iQH2`M+2 T`BKBiBp2b M/ /`KiB+HHv BKT`Qp2b b2`BHBxiBQMX
6B;m`2 jXe, :Mii +?`i i?i b?Qrb i?2 bi`i Q7 i?2 T`QD2+i
M/ i?2 b+?2/mH2 7Q` bT`BMi RX
jk *?Ti2` jX MHvbBb M/ S`QD2+i a+?2/mH2
6B;m`2 jXd, :Mii +?`i i?i b?Qrb i?2 b+?2/mH2 7Q` bT`BMib
k M/ jX






h?2 T`2b2Mi2/ T`Q;`KKBM; KQ/2H ?b #22M 7mHHv BKTH2K2Mi2/ BM a+H- 
7mM+iBQMH T`Q;`KKBM; HM;m;2 i?i `mMb QM #Qi? CoJb M/ Cpa+`BTi
`mMiBK2bX h?2 7mM+iBQM TbbBM; KQ/2H Bb +QKTBH2/ M/ `mM mbBM; a+H kXRRX3X
h?2 BKTH2K2MiiBQM- r?B+? ?b #22M Tm#HBb?2/ b M QT2M@bQm`+2 T`QD2+i-R
`mMb +m``2MiHv QMHv QM i?2 CoJk M/ #mBH/b QM irQ KBM a+H 2ti2MbBQMb,
a+H SB+FHBM; UJBHH2` 2i HX- kyRjVj M/ aTQ`2b UJBHH2`- >HH2`- M/ P/2`@
bFv- kyR9VX9 HQM; i?Bb +?Ti2`- r2 7Q+mb QM ?B;?@H2p2H +QM+2Tib M/ i?2
BKT`Qp2K2Mib T2`7Q`K2/ BM i?2 7Q`2K2MiBQM2/ /2T2M/2M+B2b- MQi QM ?B/@
/2M M/ bT2+B}+ /B{+mHiB2b Q7 i?2 BKTH2K2MiiBQMX
h?2b2 irQ T`QD2+ib `2 i?2 KBM TBHH`b Q7 i?2 BKTH2K2MiiBQMX Ai im`Mb Qmi
i?i #BM/BM; i?2K 2{+B2MiHv BMpQHp2b KQ`2 BMi`B++B2b i?M QM2 rQmH/ 2tT2+i-
/m2 iQ i?2 //BiBiBQMH /B{+mHiv Q7 `2mbBM; irQ K+`Q@#b2/ +QKTBH2`
2ti2MbBQMbX8 am+? #BM/BM; ++QmMib 7Q`  H`;2 KQmMi Q7 i?2 rQ`F iQ
;2i i?2 7mM+iBQM@TbbBM; KQ/2H rQ`FBM; +Q``2+iHvX h?2 2zQ`i iQ #BM/ #Qi?
T`QD2+ib Bb 2tTHBM2/ BM /2iBH #2HQrX
//BiBQMHHv- i?2 BKTH2K2MiiBQM `2[mB`2/ 2ti2`MH +?M;2b M/ BKT`Qp2@
K2Mib QM aTQ`2b M/ a+H SB+FHBM;X AM i?2 M2ti bm#b2+iBQMb- r2ǶHH /Bb+mbb
i?2 KBM +QMi`B#miBQMb M/ /2iBH Qm` bQHmiBQMbX
9XR :QHb Q7 i?2 AKTH2K2MiiBQM
h?2 /2bB;M Q7 i?2 7`K2rQ`F ?b #22M ;mB/2/ #v i?2 7QHHQrBM; T`BM+BTH2b,
R?iiTb,ff;Bi?m#X+QKfDpB+Mf7mM+iBQM@TbbBM;X
kh?2 BKTH2K2MiiBQM Bb i?2Q`2iB+HHv +QKTiB#H2 rBi? a+HXDb b Bi pQB/b i?2 mb2 Q7
HH i?2 KBbbBM; 72im`2b BM Cpa+`BTi 2MpB`QMK2MibX >Qr2p2`- r2 /QMǶi T`QpB/2  rQ`FBM;
BKTH2K2MiiBQM 7Q` Cpa+`BTi bBM+2 L2iiv- i?2 M2irQ`F #+F2M/- KF2b  rB/2 mb2 Q7
`2~2+iBQM M/- i?mb- BiǶb MQi a+HXDb +QKTiB#H2X h?B`/ T`iB2b `2 BMpBi2/ iQ +QMi`B#mi2 
M2irQ`F #+F2M/ 7Q` Cpa+`BTiX
jhttps://github.com/scala/pickling
9https://github.com/heathermiller/spores
8hQ 7mHHv mM/2`biM/ ?Qr i?2v rQ`F- r2 `2+QKK2M/ ?pBM;  HQQF i TT2M/Bt  M/
TT2M/Bt "X
j9 *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
aBKTHB+Biv M/ 2b2 Q7 mb2 hQ 2M+Qm`;2 TQi2MiBH mb2`b iQ 2KTHQv i?2
T`Q;`KKBM; KQ/2H- Tm#HB+ BMi2`7+2b `2 F2Ti bBKTH2 i`Qm;?Qmi i?2 BK@
TH2K2MiiBQMX *QM+`2i2Hv- r2 QTi 7Q` T`QpB/BM; bM2 /27mHib b2iiBM;b i?i
2b2 i?2 #bB+ mb2`bǶ rQ`F~Qr- r?BH2 r2 HHQr /pM+2/ mb2`b iQ Qp2``B/2
i?2K mbBM; BKTHB+BibX h?Bb `2bmHib BM  ~2tB#H2- TQr2`7mH 7`K2rQ`F i?i
+M +``v Qmi ?B;?@H2p2H ibFb- r?BH2 biBHH HHQrBM; /pM+2/ mb2`b iQ #2M2@
}i 7`QK  KQ`2 HQr@H2p2H TT`Q+? i?i 2M#H2b i?2K iQ `QHH Qmi i?2B` QrM
7`K2rQ`FbX
"+F2M/ /2+QmTHBM; h?2 7mM+iBQM@TbbBM; KQ/2H mb2b M #bi`+iBQM
Qp2` M2irQ`F +QMM2+iBQMbX lHiBKi2Hv- mb2`b iF2 i?2 +`m+BH /2+BbBQMb #Qmi
i?2 BMi2`MHb Q7 i?2B` bvbi2Kb #b2/ QM i?2B` T`iB+mH` M22/bX q?2i?2` i?2v
#mBH/ mTQM i?2 KQ/2H BM 2tBbiBM; +Q/2#b2b Q` 7`QK b+`i+?-  +H2` b2T@
`iBQM #2ir22M 7`QMi2M/ M/ #+F2M/ 7+BHBii2 TQi2MiBH mb2`b iQ brBi+?
#+F2M/b M/ mb2  +QM+`2i2 i2+?MQHQ;v bi+FX h2Kb H`2/v b2iiH2/ QM
+QM+`2i2 i2+?MQHQ;B2b rQmH/ HBF2Hv rMi iQ `2mb2 i?2KX JQ/mH`Biv +QK2b i
 T`B+2, Bi 2MiBHb HBKBiBM; i?2 MmK#2` Q7 }t2/ /2T2M/2M+B2b Q7 i?2 T`QD2+i-
iQ KF2 Bi HB;?ir2B;?i M/ 2bv iQ THm; BMX
qBi? i?Bb BM KBM/- i?2 BKTH2K2MiiBQM /2+QmTH2b i?2 M2irQ`F Hv2` 7`QK
i?2 ?B;?2`@H2p2H Hv2`bX AM i?2 /27mHi BKTH2K2MiiBQM- i?2 L2iiv M2irQ`F
7`K2rQ`F UL2iiv- kyRRV Bb i?2 Q{+BH #+F2M/X h?B`/ T`iB2b `2 ;Bp2M i?2
TQbbB#BHBiv Q7 #mBH/BM; i?2B` QrM M2irQ`F Hv2` 7Q` Qi?2` #+F2M/b U2X;X #2 Bi
FF Q` i?2B` QrMVX
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6B;m`2 9XR, `+?Bi2+im`2 i?i b?Qr i?2 Hv2`b Q7 i?2
7mM+iBQM@TbbBM; BKTH2K2MiiBQMX
6mHi iQH2`M+2 h?2 7mM+iBQM@TbbBM; KQ/2H Bb 7mHi@iQH2`Mi #v /2bB;MX
AM +b2 Mvi?BM; ;Q2b r`QM;- HQbi /i Bb `2+Qp2`2/ #v `2+QKTmiiBQMX u2i- Bi
Bb TQbbB#H2 7Q` i?2 BKTH2K2MiiBQM iQ T`QpB/2 KQ`2 7mHi@iQH2`Mi ;m`Mi22b
9XkX "+F;`QmM/ j8
#v iFBM; +`2 Q7 M2irQ`F M/ TQr2` 2``Q`bX hQ 7+2 i?2K- i?2 BKTH2K2M@
iiBQM T`QpB/2b Bib QrM M2irQ`F T`QiQ+QH- i?i T`Qi2+ib i?2 bvbi2K 7`QK
bTm`BQmb 7BH2/ /2HBp2`B2b Q7 K2bb;2b- M/  T2`bBbi2M+2 Hv2`- i?i F22Tb
i`+F Q7 i?2 bii2 i Mv ;Bp2M KQK2Mi M/ HHQrb iQ `2+Qp2` 7`QK BiX
S2`7Q`KM+2 h?2 T`Q;`KKBM; KQ/2H Bb BK2/ i HvBM; i?2 ;`QmM/rQ`F
7Q` #mBH/BM; ?B;?@T2`7Q`KM+2 TTHB+iBQMbX AKTQ`iMib bT2+ib i?i /22THv
z2+i T2`7Q`KM+2 `2 i?2 bT22/ Q7 i?2 M2irQ`F Hv2` M/ b2`BHBxiBQMf/2b2@
`BHBxiBQM Q7 K2bb;2bX h?mb- r2 +?B2p2 T2`7Q`KM+2 #v irQ K2Mb, URV r2
#mBH/ QM iQT Q7 L2iiv- QM2 Q7 i?2 KQbi TQTmH` bvM+?`QMQmb 2p2Mi@/`Bp2M
M2irQ`F TTHB+iBQM 7`K2rQ`F QM i?2 CoJ- M/ UkV r2 mb2 a+H SB+FHBM;- 
T2`7Q`KMi b2`BHBxiBQM 7`K2rQ`F i?i QmiT2`7Q`Kb i?2 Cp a2`BHBxiBQM




a+H SB+FHBM; Bb  ivT2@b72 M/ T2`7Q`KMi b2`BHBxiBQM 7`K2rQ`F #b2/
QM Q#D2+i@Q`B2Mi2/ TB+FH2` +QK#BMiQ`b r?B+? UV 2M#H2b `2i`Q}iiBM; 2tBbi@
BM; ivT2b rBi? TB+FHBM; bmTTQ`i- U#V bmTTQ`ib miQKiB+HHv ;2M2`iBM; TB+F@
H2`b i +QKTBH2 iBK2 M/ i `mMiBK2- U+V bmTTQ`ib THm;;#H2 TB+FH2 7Q`Kib-
M/ U/V /Q2b MQi `2[mB`2 +?M;2b iQ i?2 ?Qbi HM;m;2 Q` i?2 mM/2`HvBM;
pB`imH K+?BM2X h?2 7mM+iBQM TbbBM; BKTH2K2MiiBQM #2M2}ib 7`QK i?2
Kim`Biv Q7 i?2 T`QD2+i- r?B+? bmTTQ`ib TB+FHBM;fmMTB+FHBM;  rB/2 `M;2 Q7
a+H ivT2 +QMbi`m+iQ`bX SB+FHBM; ?b 2pQHp2/ 7`QK  `2b2`+? T`QiQivT2 iQ
 T`Q/m+iBQM@`2/v b2`BHBxiBQM 7`K2rQ`F i?i Bb MQr BM rB/2bT`2/ +QK@
K2`+BH mb2X
6m`i?2`KQ`2- Bi Bb 2ti2MbB#H2 BM b2p2`H BKTQ`iMi rvbX 6B`bi- #mBH/BM; QM
M Q#D2+i@Q`B2Mi2/ ivT2@+Hbb@HBF2 K2+?MBbK UaX PHBp2B`- JQQ`b- M/ P/2`@
bFv- kyRyV- i?Bb TT`Q+? 2M#H2b `2i`Q+iBp2Hv //BM; TB+FHBM; bmTTQ`i iQ
2tBbiBM;- mMKQ/B}2/ ivT2bX a2+QM/- Bi T`QpB/2b THm;;#H2 TB+FH2 7Q`Kib
r?B+? ;m`Mi22 i?i ivT2@bT2+BHBx2/ TB+FH2`b `2 TQ`i#H2 M/ +``v Qp2`
iQ /Bz2`2Mi TB+FH2 7Q`KibX
KQM; Qi?2`- Bi bTQ`ib i?2 7QHHQrBM; T`QT2`iB2b,
Ç 1b2 Q7 mb2X aBKTHB}2/ T`Q;`KKBM; BMi2`7+2 i?i BKb iQ KBMBKBb2
#QBH2`THi2- HBF2 Qi?2` KQ`2 KBMbi`2K HB#``B2b HBF2 CpǶb b2`BHBx@
iBQM 7`K2rQ`F U*`T2Mi2` 2i HX- RNNNVX
Ç S2`7Q`KM+2X h?2 ;2M2`i2/ TB+FH2`b `2 2{+B2Mi- 2M#HBM; i?2B` mb2
BM ?B;?@T2`7Q`KM+2 /Bbi`B#mi2/ bvbi2Kb- M/ HHQr #Qi? biiB+ M/
`mMiBK2 TB+FHBM;X
Ç 1ti2MbB#BHBivX h?2 /2bB;M Q7 i?2 7`K2rQ`F HHQrb ivT2@+Hbb@HBF2 2t@
i2MbB#BHBiv i?`Qm;? BKTHB+Bib- 2M#HBM; TB+FH2` /2}MBiBQM BM i?B`/@T`iv
HB#``B2b M/ 2bBM; i?2 T`Q+2bb Q7 bmTTQ`iBM; ivT2b `2i`Q+iBp2HvX
je *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
Ç SHm;;#H2 SB+FH2 6Q`KibX a+H SB+FHBM; HHQrb iQ brT i`;2i
TB+FH2 7Q`Kib- Q` 7Q` mb2`b iQ T`QpB/2 i?2B` QrM +mbiQKBx2/ 7Q`Ki UpB
ivT2+Hbb2b BM a+HVX "v /27mHi- Bi HHQrb #BM`v M/ DbQM 7Q`KibX
Ç hvT2 b72ivX SB+FH2`b `2 ivT2 b72 i?`Qm;? UV ivT2 bT2+BHBxiBQM
M/ U#V /vMKB+ ivT2 +?2+Fb r?2M mMTB+FHBM; iQ i`MbBiBQM mMTB+F@
H2/ Q#D2+ib BMiQ i?2 biiB+HHv@ivT2/ ǳrQ`H/Ǵ i  r2HH@/2}M2/ T`Q;`K
TQBMiX
Ç _Q#mbi bmTTQ`i 7Q` Q#D2+i@Q`B2MiiBQMX *QM+2Tib bm+? b bm#ivT@
BM; M/ KBt@BM +QKTQbBiBQM- rB/2Hv mb2/ BM a+H- `2 HbQ bmTTQ`i2/X
h?2 "bB+b
a+H SB+FHBM; rb /2bB;M2/ bQ b iQ `2[mB`2 b HBiiH2 #QBH2`THi2 7`QK i?2
T`Q;`KK2` b TQbbB#H2X 6Q` i?i `2bQM- TB+FHBM; Q` mMTB+FHBM; M Q#D2+i
obj Q7 ivT2 Obj `2[mB`2b bBKTHv,
import scala.pickling._
val pickled = obj.pickle
val obj2 = pickle.unpickle[Obj]
>2`2- i?2 import bii2K2Mi BKTQ`ib b+HfTB+FHBM;- i?2 K2i?Q/ pickle i`B;@
;2`b biiB+ TB+FH2` ;2M2`iBQM- M/ i?2 K2i?Q/ unpickle i`B;;2`b biiB+ mM@
TB+FH2` ;2M2`iBQM- r?2`2 unpickle Bb T`K2i2`Bx2/ QM objǶb T`2+Bb2 ivT2
ObjX LQi2 i?i MQi 2p2`v ivT2 ?b  pickle K2i?Q/c Bi Bb BKTH2K2Mi2/ b
M 2ti2MbBQM K2i?Q/ mbBM; M BKTHB+Bi +QMp2`bBQMX h?Bb BKTHB+Bi +QMp2`bBQM
Bb BKTQ`i2/ BMiQ b+QT2 b  K2K#2` Q7 i?2 scala.pickling T+F;2X
PTiBQMHHv-  mb2` +M BKTQ`i  PickleFormatX "v /27mHi- i?2 7`K2rQ`F
T`QpB/2b  a+H "BM`v 6Q`Ki- M 2{+B2Mi `2T`2b2MiiBQM #b2/ QM ``vb
Q7 #vi2b- i?Qm;? i?2 7`K2rQ`F T`QpB/2b Qi?2` 7Q`Kib r?B+? +M 2bBHv #2
BKTQ`i2/- BM+Hm/BM;  CaPL 7Q`KiX 6m`i?2`KQ`2- mb2`b +M 2bBHv 2ti2M/
i?2 7`K2rQ`F #v T`QpB/BM; i?2B` QrM PickleFormatbX 6Q` KQ`2 BM7Q`KiBQM-
`272` iQ i?2 Q`B;BMH TT2` UJBHH2` 2i HX- kyRjVX
TT2M/Bt " 2tTHBMb K+`Qb M/ T`QpB/2b M 2tKTH2 i?i BHHmbi`i2b i?2
#bB+ T`BM+BTH2b Q7 i?2 a+H SB+FHBM; BKTH2K2MiiBQMX
9XkXk aTQ`2b
h?2 "bB+b
aTQ`2b UJBHH2`- >HH2`- M/ P/2`bFv- kyR9V `2 b72 +HQbm`2b i?i `2 ;m`@
Mi22/ iQ #2 b2`BHBx#H2 M/ i?mb /Bbi`B#mi#H2X h?2v `2  +HQbm`2@HBF2
#bi`+iBQM M/ ivT2 bvbi2K r?B+? ;Bp2b mi?Q`b Q7 /Bbi`B#mi2/ 7`K2rQ`Fb
 T`BM+BTH2/ rv Q7 +QMi`QHHBM; i?2 2MpB`QMK2Mi r?B+?  +HQbm`2 UT`QpB/2/
#v +HB2Mi +Q/2V +M +Tim`2X h?Bb Bb +?B2p2/ #v UV 2M7Q`+BM;  bT2+B}+ bvM@
i+iB+ b?T2 r?B+? /B+ii2b ?Qr i?2 2MpB`QMK2Mi Q7  bTQ`2 Bb /2+H`2/- M/
U#V T`QpB/BM; //BiBQMH ivT2@+?2+FBM; iQ 2Mbm`2 i?i ivT2b #2BM; +Tim`2/
?p2 +2`iBM T`QT2`iB2bX
9XkX "+F;`QmM/ jd
 bTQ`2 +QMbBbib Q7 irQ T`ib,
Ç i?2 bTQ`2 ?2/2`- +QKTQb2/ Q7  HBbi Q7 pHm2 /2}MBiBQMbX
Ç i?2 bTQ`2 #Q/v UbQK2iBK2b `272``2/ iQ b i?2 ǳbTQ`2 +HQbm`2ǴV- 
`2;mH` +HQbm`2X
h?Bb b?T2 Bb BHHmbi`i2/ #2HQrX
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Figure 1: The syntactic shape of a spore.
1 {
2 val y1: S1 = <expr1>
3 ...
4 val yn: Sn = <exprn>
5 (x: T) => {
6 / / . . .
7 }
8 }
(a) A closure block.
1 spore {
2 val y1: S1 = <expr1>
3 ...
4 val yn: Sn = <exprn>
5 (x: T) => {




Figure 2: The evaluation semantics of a spore is equivalent to that of a closure, obtained by simply
leaving out the spore marker.
A Spores
Spores are a closure-like abstraction and type system which aims to give users a principled way of
controlling the environment which a closure can capture. This is achieved by (a) enforcing a specific
syntactic shape which dictates how the environment of a spore is declared, and (b) providing additional
type-checking to ensure that types being captured have certain properties. A crucial insight of spores is
that, by including type information of captured variables in the type of a spore, type-based constraints for
captured variables can be composed and checked, making spores safer to use in a concurrent, distributed,
or in arbitrary settings where closures must be controlled.
A.1 Spore Syntax
A spore is a closure with a specific shape that dictates how the environment of a spore is declared. The
shape of a spore is shown in Figure 1. A spore consists of two parts:
• the spore header, composed of a list of value definitions.
• the spore body (sometimes referred to as the “spore closure”), a regular closure.
The characteristic property of a spore is that the spore body is only allowed to access its parameter,
the values in the spore header, as well as top-level singleton objects (public, global state). In particular,
the spore closure is not allowed to capture variables in the environment. Only an expression on the
right-hand side of a value definition in the spore header is allowed to capture variables.
By enforcing this shape, the environment of a spore is always declared explicitly in the spore header,
which avoids accidentally capturing problematic references. Moreover, importantly for object-oriented
languages, it’s no longer possible to accidentally capture the this reference.
7
h?2 +?`+i2`BbiB+ T`QT2`iv Q7  bTQ`2 Bb i?i i?2 bTQ`2 #Q/v Bb QMHv HHQr2/
iQ ++2bb Bib T`K2i2`- i?2 pHm2b BM i?2 bTQ`2 ?2/2`- b r2HH b iQT@H2p2H bBM@
;H2iQM Q#D2+ib Ua+HǶb 7Q`K Q7 KQ/mH2bVX h?2 bTQ`2 +HQbm`2 Bb MQi HHQr2/ iQ
+Tim`2 p`B#H2b Qi?2` i?M i?Qb2 /2+H`2/ BM i?2 bTQ`2 ?2/2` UBX2X  bTQ`2
Kv MQi +Tim`2 p`B#H2b BM i?2 2MpB`QMK2MiVX "v 2M7Q`+BM; i?Bb b?T2-
i?2 2MpB`QMK2Mi Q7  bTQ`2 Bb Hrvb /2+H`2/ 2tTHB+BiHv BM i?2 bTQ`2 ?2/2`-
r?B+? pQB/b ++B/2MiHHv +Tim`BM; T`Q#H2KiB+ `272`2M+2bX JQ`2Qp2`- BK@
TQ`iMiHv 7Q` Q#D2+i@Q`B2Mi2/ HM;m;2b HBF2 a+H- BiǶb MQ HQM;2` TQbbB#H2 iQ
++B/2MiHHv +Tim`2 i?2 this `272`2M+2X
aTQ`2b HbQ +QK2 rBi? //BiBQMH ivT2@+?2+FBM;X hvT2 BM7Q`KiBQM +Q``2@
bTQM/BM; iQ +Tim`2/ p`B#H2b `2 BM+Hm/2/ BM i?2 ivT2 Q7  bTQ`2X h?Bb 2M@
#H2b mi?Q`b Q7 /Bbi`B#mi2/ 7`K2rQ`Fb iQ +mbiQKBx2 ivT2@+?2+FBM; Q7 bTQ`2b
iQ- 7Q` 2tKTH2- 2t+Hm/2  +2`iBM ivT2 7`QK #2BM; +Tim`2/ #v mb2`@T`QpB/2/
bTQ`2bX mi?Q`b Q7 /Bbi`B#mi2/ 7`K2rQ`Fb Kv FB+F QM i?Bb ivT2@+?2+FBM;
#v bBKTHv BM+Hm/BM; BM7Q`KiBQM #Qmi 2t+Hm/2/ ivT2b UQ` Qi?2` ivT2@#b2/
T`QT2`iB2bV BM i?2 bB;Mim`2 Q7  K2i?Q/X  +QM+`2i2 2tKTH2 rQmH/ #2
iQ 2Mbm`2 i?i i?2 map K2i?Q/ QM RDDb BM aT`F U /Bbi`B#mi2/ +QHH2+iBQMV
++2Tib QMHv bTQ`2b r?B+? /Q MQi +Tim`2 SparkContext U MQM@b2`BHBx#H2
BMi2`MH 7`K2rQ`F +HbbVX
h?2 "2M2}ib Q7 SB+FHBM; aTQ`2b
AM Q`/2` iQ mM/2`biM/ i?2 TB+FHBM; T`Q+2bb- H2iǶb HQQF i i?2 `Biv@R bTQ`2
ivT2 bB;Mim`2,




aTQ`2b F22T i?2 bK2 b2KMiB+b b `2;mH` 7mM+iBQMbX h?2`27Q`2- bTQ`2b
`2 HbQ /2}M2/ +QMi`p`BMi BM i?2B` `;mK2Mi ivT2 A M/ +Qp`BMi BM
i?2B` `2bmHi ivT2 BX HbQ- i?2 Spore i`Bi /Q2bMǶi /2}M2 Mv 2ti` K2i?Q/c
 +QM+`2i2 bTQ`2 rQmH/ Qp2``B/2 i?2 #bi`+i apply() K2i?Q/ /2}M2/ BM
i?2 Function1 i`BiX L2p2`i?2H2bb- bTQ`2b 2M`B+? i?2 7mM+iBQM ivT2 bB;M@
im`2 #v //BM; irQ M2r ivT2 K2K#2`b, Captured M/ ExcludedX h?2b2 `2
j3 *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
FMQrM b ivT2 `2}M2K2Mib M/ 2M7Q`+2  +2`iBM b?T2 Q7 i?2 bTQ`2X *QM@
+`2i2Hv- i?2 Captured ivT2 K2K#2` rBHH +QMiBM i?2 ivT2b Q7 2+? +Tim`2/
p`B#H2X h?2b2 ivT2b HHQr mb2`b iQ Ki+? +QM+`2i2 bTQ`2 ivT2bX 6Q` BM@
biM+2- Mv 7mM+iBQM 7`QK T iQ S i?i mb2b irQ 2MpB`QMK2Mi p`B#H2b Q7 ivT2
String M/ Int- Ki+?2b Spore[T, S] { type Captured = (String, Int)
}X LQi2 i?i +Tim`2/ ivT2b `2 biQ`2/ BM H27i@#Bb2/ imTH2b M/ i?i i?2`2Ƕb
MQi bBx2 HBKBiiBQMc +Tim`BM; QM2 KQ`2 2MpB`QMK2Mi p`B#H2-  String-
rQmH/ `2bmHi BM UUai`BM;- AMiV- ai`BM;VX
hQ 2Mbm`2 b72 M/ 2{+B2Mi /Bbi`B#miBQM Q7 +HQbm`2b- i?2 KQ/2H H2p2`;2b #Qi?
bvMi+iB+ M/ ivT2@#b2/ `2bi`B+iBQMbX 6Q` BMbiM+2- +HQbm`2b b2Mi iQ `2KQi2
K+?BM2b `2 `2[mB`2/ iQ +QM7Q`K iQ i?2 `2bi`B+iBQMb BKTQb2/ #v i?2 bQ@
+HH2/ ǳbTQ`2Ǵ #bi`+iBQMX KQM; Qi?2`b- i?2 bvMit M/ biiB+ b2KMiB+b
Q7 bTQ`2b ;m`Mi22b i?2 #b2M+2 Q7 `mMiBK2 b2`BHBxiBQM 2``Q`b /m2 iQ +HQ@
bm`2 2MpB`QMK2Mib i?i `2 MQi b2`BHBx#H2X aBM+2 bTQ`2b `2 ;m`Mi22/ iQ
+Tim`2 QMHv i?2 /2}M2/ p`B#H2b BM i?2 bTQ`2 ?2/2`- +?2+FBM; i?2 T`QT2`
7mM+iBQMBM; Q7 i?2 b2`BHBxiBQM +Q/2 Bb T2`7Q`K2/ i +QKTBH2@iBK2 #b2/ QM
i?2 ivT2 Q7 i?2 +Tim`2/ p`B#H2b- mMHBF2 Qi?2` /Bbi`B#mi2/ bvbi2Kb r?Qb2
b2`BHBxiBQM 2``Q`b Q++m` i `mMiBK2 M/ 7mM+iBQMb +M +Tim`2 Mv 2MpB@
`QMK2Mi p`B#H2X AM i?Bb +b2- i?2 +QKTBH2` HQQFb 7Q` BKTHB+Bi BMbiM+2b Q7
Picklerb M/ Unpicklerb Q7  bTQ`2- i?i BM im`M HQQFb 7Q` i?2 bK2 BMbiM+2b
7Q` 2p2`v +Tim`2/ ivT2- 7BHBM; B7 i?2`2Ƕb MQM2X LQi2 i?i i?2 BKTHB+Bi b2`+?
Bb i`B;;2`2/ #v i?2 7mHH bTQ`2 ivT2- r?B+? Bb 2M`B+?2/ rBi? i?2 +Tim`2/ ivT2b
M/ 2t+Hm/2/ ivT2bX
"2bB/2b- bTQ`2b T`QpB/2 MQi?2` /pMi;2 Qp2` +QMp2MiBQMH /Bbi`B#mi2/
7mM+iBQMběi?2v BKT`Qp2 2``Q` `2TQ`iBM;X AM +b2 i?2 b2`BHBxiBQM Q7  +T@
im`2/ p`B#H2 Bb MQi TQbbB#H2- i?2 mb2` `2+2Bp2b `B+? 722/#+F i +QKTBH2@
iBK2- r?B+? TBMTQBMib i?2 +QM+`2i2 Bbbm2b M/ i?2 ivT2b BMpQHp2/ BM i?2KX
h?Bb 72im`2 2HBKBMi2b i?2 ?bbH2 Q7 };m`BM; Qmi `mMiBK2 b2`BHBxiBQM 2``Q`b-
r?B+? `2 ivTB+H Q7 bii2@Q7@i?2@`i /Bbi`B#mi2/ bvbi2Kb UJBHH2`- >HH2`- M/
P/2`bFv- kyR9V- M/ r?Qb2 2``Q` `2TQ`ib H+F +QM+`2i2 ivT2 BM7Q`KiBQM M/
?BM/2`b T`Q#H2K /B;MQbBb M/ /2#m;;BM;X
aTQ`2b M/ ai#H2 Si?b
h?2 #Q/v Q7 bTQ`2b +M QMHv `272`2M+2 iQ bi#H2 Ti?bX h?2b2 `2 2tT`2bbBQMb
i?i +QMiBM b2H2+iBQMb M/ B/2MiB}2`b M/ 7Q` r?B+? 2+? b2H2+i2/ 2MiBiv Bb
bi#H2X 6Q` BMbiM+2- bTQ`2b +M #2 /2}M2/ #v Q#D2+i /2}MBiBQMb Q` #v pHm2
/2}MBiBQM Q7 MQM@pQHiBH2 ivT2bX  bTQ`2 i?i `272`2M+2b iQ  i2`K /2+H`2/
BMbB/2  +Hbb Bb MQi BM  bi#H2 Ti?ěBib ++2bbB#BHBiv /2T2M/b QM i?2 +Hbb
BMbiM+2X
// Spore references to a stable path, compiles
val sp: Spore2[Int, Int, Int] = spore {
(x: Int, y: Int) => Math.abs(x + y)
}
// Spore references to a non-stable path, doesn't compile
val sp: Spore2[Int, Int, Int] = spore {
(x: Int, y: Int) => mathUtils.abs(x + y)
}
9XjX 1ti2MbBQMb iQ a+H SB+FHBM; jN
6Q`  /22T2` mM/2`biM/BM; Q7 bTQ`2b- b22 i?2 +Q``2bTQM/BM; Tm#HB+iBQM UJBHH2`-
>HH2`- M/ P/2`bFv- kyR9VX
9Xj 1ti2MbBQMb iQ a+H SB+FHBM;
h?2 7mM+iBQM@TbbBM; KQ/2H BKTH2K2MiiBQM KF2b 2ti2MbBp2 M/ /pM+2/
mb2 Q7 i?2 a+H SB+FHBM; 7`K2rQ`FX h?`Qm;?Qmi i?2 BMi2MbBp2 /2p2HQTK2Mi
Q7 i?2 KQ/2H- A /Bb+Qp2`2/ M/ rQ`F2/ `QmM/ b2p2`H b?Q`i+QKBM;b BM a+H
SB+FHBM;- bm+? b,
9XjXR lMM2+2bb`v HHQ+iBQM Pp2`?2/ Q7 SB+FH2`b
S`Q#H2K h?2 #b2M+2 Q7 BKTHB+Bi TB+FH2`b BM i?2 b+QT2 Q7 i?2 +HH@bBi2 BK@
T2/2b i?2 b?`BM; Q7 TB+FH2`bX h?2`27Q`2- bBM+2 MQ BKTHB+Bi Bb T`2b2Mi- a+H
SB+FHBM; ;2M2`i2b TB+FH2`b M/ mMTB+FH2`b T2` +HH@bBi2X i `mMiBK2- i?2
T`Q;`K i`B;;2`b i?2 BMBiBHBxiBQM Q7 2p2`v BM/2T2M/2Mi TB+FH2` M/ mMTB+F@
H2` Ur?B+? BM im`Mb BMBiBHBb2b BMM2` TB+FH2`b M/ mMTB+FH2`bV- H2pBM;  MQM@
M2;HB;B#H2 7QQiT`BMi BM T2`7Q`KM+2X
aQHmiBQM h?2 `QQi Q7 i?Bb T`Q#H2K Hvb BM i?2 2M/@mb2`b bBM+2 i?2v BMi2`+i
/B`2+iHv rBi? i?2 7mM+iBQM@TbbBM; SAX 1p2`v QT2`iBQM Q7 bm+? BMi2`7+2
`2[mB`2b BKTHB+Bi BMbiM+2b i?i- B7 MQi BM b+QT2- rBHH #2 ;2M2`i2/ i i?2 +HH
bBi2bX amTTQb2 i?2 7QHHQrBM; T`Q;`K,
case class User(id: String, name: String, age: Int, sex: Boolean)
// Defines a reference to a silo of users
val users: SiloRef[Vector[User]] = ...
val adults = users.map(spore {
(us: Vector[User]) =>
us.filter(u => u.age >= 18)
})
val women = adults.map(spore {
(us: Vector[User]) =>
us.filter(u => u.sex == 1)
})
1p2`v K2i?Q/ Q7 SiloRef /2KM/b M BKTHB+Bi BMbiM+2 Q7 TB+FH2` M/ mMTB+F@
H2` 7Q` i?2 7mM+iBQM Tbb2/ b M `;mK2MiX h?2 bTQ`2 ivT2 bB;Mim`2 Bb i?2
bK2 7Q` i?2 irQ KT QT2`iBQMb, Spore[Vector[User], Vector[User]]X
i i?2 K+`Q 2tTMbBQM- #Qi? TB+FH2` M/ mMTB+FH2` 7Q` i?i bTQ`2 `2 ;2M@
2`i2/- #mi irB+2X "v Mim`2- K+`Q 2tTMbBQMb ?TT2M HQ+HHv BM i?2 TH+2
r?2`2 i?2vǶ`2 `mM M/ +MMQi b?`2 ++2bb iQ  iQT@H2p2H 2H2K2Mi M/- +QMb2@
[m2MiHv- `2 mM#H2 iQ b?`2 BKTHB+Bi BMbiM+2bX AKTH2K2MiBM; i?Bb 72im`2 BM
K+`Qb BMpQHp2b /2HBM; rBi?  HQi Q7 +QKTBH2` Bbbm2b- bT2+B}+HHv `2Hi2/ iQ
9y *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
BM+`2K2MiH +QKTBHiBQMXe h?Bb HBKBiiBQM- r?B+? Bb 2t2KTHB}2/ BM TT2M/Bt
" T`QpQF2b BM/2T2M/2Mi TB+FH2` M/ mMTB+FH2` ;2M2`iBQM- i?mb M BKT+i BM
T2`7Q`KM+2, HQM;2` +QKTBHiBQM iBK2b Ui?2 K+`Q ;2M2`iQ` Bb 2t2+mi2/ T2`
+HH bBi2V M/  ?B//2M +Qbi Q7 Q#D2+i BMBiBHBxiBQMX
a?`2r/ mb2`b +M bQHp2 i?Bb T`Q#H2K #v ++?BM; TB+FH2`b i?2Kb2Hp2b,
// Define an object containing the implicits
object CachedPicklers {
type CachedSpore = Spore[Vector[User], Vector[user]]
implicit val ps = implicitly[Pickler[CachedSpore]]
implicit val us = implicitly[Unpickler[CachedSpore]]
}
// Import them in the scope of your call sites
import CachedPicklers._
L2p2`i?2H2bb- i?2 BKTH2K2MiiBQM +MMQi `2Hv QM Bib mb2`bǶ bFBHHbX b r2
+MMQi Tmi M 2M/ iQ i?Bb T`Q#H2K QM+2 M/ 7Q` HH- i?2 bQHmiBQM BKb i
`2/m+BM; Bib BKT+iX q2 //`2bb i?2 Bbbm2 Q7 Q#D2+i BMBiBHBxiBQM #v ++?BM;
M/ +?2+FBM; r?2i?2`  TB+FH2`fmMTB+FH2` 7Q`  +QM+`2i2 ivT2 ?b H`2/v
#22M mb2/X A7 bQ- i?i QM2 Bb mb2/X Pi?2`rBb2- Bi ;2ib BMBiBHBb2/X
9XjXk aiiB+ SB+FH2` :2M2`iBQM
S`Q#H2K AM +2`iBM +b2b- a+H SB+FHBM; `2TQ`ib i?2 +Q``2+i ;2M2`iBQM
Q7 biiB+ TB+FH2`b- r?2M BMbi2/ Bi bBH2MiHv 7HH#+Fb iQ `2~2+iBQMX h?i Bb-
i?2 ;2M2`i2/ TB+FH2`b rBHH BMi`QbT2+i i?2 `mMiBK2 +Hbb2b iQ }M/ Qmi i?2B`
BMi2`MH bi`m+im`2X h?Bb TQb2b  KDQ` T`Q#H2K, mM+2`iBMiv- r?B+? T`2@
p2Mi mb2`b 7`QK `2bQMBM; #Qmi /2i2`KBMBbiB+ #2?pBQ`b BM i?2B` T`Q;`KbX
6m`i?2`- `mMiBK2 ;2M2`i2/ TB+FH2`b ?m`i T2`7Q`KM+2 M/ BMi2`QT2`#BHBiv
rBi? Cpa+`BTiX _2~2+iBQM TQb2b  +QKTiB#BHBiv T`Q#H2K rBi? Cpa+`BTi
#2+mb2 KQbi Q7 i?2 Cp _2~2+iBQM SA Bb MQi bmTTQ`i2/ BM a+HXDb U.Q2`@
2M2- kyR8VX Hi?Qm;? i?Bb /Q2bMǶi K2M i?i 2p2`v mb2 Q7 `2~2+iBQM Bb br2Ti
rv- i?2 `2HBiv Bb i?i QMHv  +QMbi`BM2/ bm#b2i Q7 Bi Bb TQbbB#H2X
aQHmiBQM hQ +?B2p2 i?2b2 ;m`Mi22b- bQK2 T`ib Q7 i?2 +Q/2 ;2M2`iQ`
?/ iQ #2 `2r`Bii2M 7`QK b+`i+?X h?2b2 `27+iQ`BM;b BMpQHp2/, UV +H2`Hv
b2T`iBM; i?2 HQ;B+ Q7 i?2 +Q/2 ;2M2`iQ` BMiQ BM/2T2M/2Mi- 2bv@iQ@KMiBM
KQ/mH2b UBKT`QpBM; i?2 K+`Q bi`m+im`2V- M/ U#V /Bb#HBM; `mMiBK2 ;2M2`@
iBQM pB i?2 mb2 Q7 i?2 staticOnly BKTHB+BiX h?Bb pHm2- r?2M BKTQ`i2/ BM
i?2 b+QT2-d +?M;2b i?2 ;2M2`iQ` #+F2M/ M/ /Bb#H2b Mv FBM/ Q7 `mMiBK2
#2?pBQ`X
qBi? `2;`/ iQ i?2 `2~2+iBQM M/ a+HXDb bmTTQ`i- scalajs-reflect Bb mb2/-
 HBMF2` THm;BM i?i Qz2`b F2v 7mM+iBQMHBiv HBF2 HQQFmT #v +Hbb MK2X _2@
/m+BM; i?2 mb2 Q7 i?2 _2~2+iBQM SA iQ  #`2 KBMBKmK ?b K/2 a+H
SB+FHBM;  a+HXDb@7`B2M/Hv T`QD2+iX
eAi Bb mM+H2` B7 mT+QKBM; K+`Q bmTTQ`i 7Q` i?2 M2ti p2`bBQMb Q7 a+H rBHH BM+Hm/2 i?Bb
72im`2
dh?2 biiB+ ~; M22/b iQ #2 BKTQ`i2/ BM HH i?2 b+QT2b i?i KF2 mb2 Q7 a+H SB+FHBM;X
9XjX 1ti2MbBQMb iQ a+H SB+FHBM; 9R
9XjXj GQM; *QKTBHiBQM hBK2b
S`Q#H2K *QKTBHiBQM iBK2b `2 M BKTQ`iMi M/- Q7i2M Qp2`HQQF2/- b@
T2+i Q7 Mv T`Q;`KKBM; HM;m;2X AM i?2 T`QTQb2/ T`Q;`KKBM; KQ/2H-
+QKTBHiBQM iBK2b BM+`2b2/ bB;MB}+MiHv #2+mb2 BKTHB+Bib `2+m`bBp2Hv i`B;@
;2` K+`Q 2tTMbBQMb i?i- BM im`M- 2t2+mi2 M BKTHB+Bi b2`+? 7Q` 2p2`v
TB+FH2`fmMTB+FH2` ;2M2`iBQMX b BKTHB+Bi `2bQHmiBQM Bb 2tT2MbBp2-  bB;MB}@
+Mi KQmMi Q7 iBK2 Bb bT2Mi QM BiX 6m`i?2` BMbT2+iBQM Q7 i?2 Bbbm2 `2p2H2/
i?i i?2`2 rb `QQK 7Q` BKT`Qp2K2Mi QM i?2 rv a+H SB+FHBM; +?BM2/ i?2
TB+FH2`b i?`Qm;? BKTHB+BibX
AM Q`/2` iQ BMi`Q/m+2 i?2b2 BKT`Qp2K2Mib- r2 mb2  `mMMBM; 2tKTH2 i?i
;Q2b i?`Qm;? HH i?2 bi2Tb Q7 i?2 BKTHB+Bi b2`+? #b2/ QM i?2 ivT2 Q7  bTQ`2X
h?2 7QHHQrBM; bMBTT2i Q7 +Q/2
implicitly[Pickler[Spore[Vector[Int], Int]]]






6B;m`2 9Xk, h`22 /2b+`B#BM; ?Qr i?2 BKTHB+Bi b2`+? Bb T2`@
7Q`K2/ M/ BHHmbi`iBM; /2T2M/2M+B2b KQM; TB+FH2`b M/ mM@
TB+FH2`b 7Q`  +QM+`2i2 +b2X LQi2 i?i Pickler ?b #22M
b?Q`i2M2/ iQ P M/ Unpickler iQ UX
b r2 Q#b2`p2- bQK2 BKTHB+Bi b2`+?2b `2 `2T2i2/ b2p2`H iBK2b- Hi?Qm;?
i?2 +QKTBH2` ?b H`2/v 7QmM/ i?2K #27Q`2 Ub BM i?2 +b2 Q7 Pickler[Int]
M/ Unpickler[Int]VX LQi2 i?i- /2bTBi2 HQQFBM; mT i?2 BKTHB+Bi 7Q` 
Pickler- Unpicklerb `2 HbQ HQQF2/ mTX h?Bb Bb /m2 iQ i?2 7+i i?i TB+F@
H2`b M/ mMTB+FH2`b `2 ;2M2`i2/ iQ;2i?2`3 M/ `2HBx2/ BMiQ  M2r +Hbb
Q7 ivT2 PU- /2}M2/ b, abstract class PU[T] extends Pickler[T] with
Unpickler[T]X hQ ;2M2`i2 M mMTB+FH2` 7Q` i?2 bTQ`2-  T`QQ7 i?i i?2 ivT2
T`K2i2`b `2 mMTB+FH#H2 Bb `2[mB`2/XN h?2 T`Q#H2K ;2ib 2p2M rQ`b2 r?2M
r2 `2HBb2 i?i i?2 #Qp2 BKTHB+Bi b2`+? rBHH #2 /mTHB+i2/ 7Q` i?2 BKTHB+Bi
b2`+? Q7 Unpickler[Spore[Vector[Int], Int]]- i?i rBHH `2T2i i?2 bK2
b2`+? BM 6B;m`2 9XkX b  +QMb2[m2M+2- P[Int] rBHH #2 HQQF2/ mT 3 iBK2bX
Ai 7QHHQrb i?i i?2 ?B//2M +Qbi Q7 i?2 BKTHB+Bi b2`+? Bb 2tTQM2MiBH BM i?2
/2Ti? Q7 i?2 ivT2 T`K2i2`b M/ ivT2 K2K#2`bX
aQHmiBQM h?2 irQ T`QTQb2/ +?M;2b iQ //`2bb i?2b2 Bbbm2b `2,
3SB+FH2`b M/ mMTB+FH2`b `2 ;2M2`i2/ iQ;2i?2` #2+mb2 i?Bb ?2HTb T2`7Q`KM+2 M/
+mib Qz ?H7 Q7 i?2 BMBiBHBxiBQM Q7 TB+FHBM; Q#D2+ib i?`Qm;?Qmi i?2 T`Q;`K HB72iBK2X
NAi Bb mb27mH iQ BK;BM2 BKTHB+Bib b  rv iQ T`QpB/2 T`QQ7b iQ i?2 +QKTBH2` #Qmi r?i
 ivT2 +M /QX AM i?Bb +b2- BiǶb `2bQM#H2 iQ 7BH +QKTBHiBQM B7 r2 bF 7Q` i?2 ;2M2`iBQM
Q7 M mMTB+FH2` Q7  ivT2 T[S] r?2`2 T ?b M BMbiM+2 Q7 Unpickler #mi S /Q2bMǶi- r?B+?
K2Mb i?i S +MMQi #2 mMTB+FH2/X
9k *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
Ç *`27mHHv ir2FBM; M/ `2Q`/2`BM; i?2 /27mHi BKTHB+Bi pHm2b iQ KF2
i?2 BKTHB+Bi b2`+? b?Q`i2`X 6QHHQrBM; i?2 a+H bT2+B}+iBQM HM;m;2
UP/2`bFv- kyR9V- i?2 BKTHB+Bi b2`+? ?b  MQiBQM Q7 T`BQ`BiB2b- bbB;M2/
/2T2M/BM; QM i?2 HQ+iBQM Q7 2+? BKTHB+BiXRy "b2/ QM i?2b2 T`BQ`BiB2b-
i?2 +QKTBH2` +?QQb2b i?2 ?B;?2bi@T`BQ`Biv pBH#H2 BKTHB+Bi BMbiM+2 BM
b+QT2X A/2HHv- i?2 bQQM2` i?2 +QKTBH2` }M/b i?Bb BMbiM+2- i?2 b?Q`i2`
i?2 +QKTBHiBQM iBK2bX
Ç S2`7Q`KBM;  +QM+`2i2- iBHQ`@K/2 BKTHB+Bi b2`+? 7Q` TB+FH2`b M/ mM@
TB+FH2`bX 1bb2MiBHHv- i?Bb H;Q`Bi?K `2T`Q/m+2b i?2 2tT2MbBp2 M2bi2/
BKTHB+Bi `2bQHmiBQM- T`272i+?BM; HH i?2 TB+FH2`b M/ mMTB+FH2` i?i 2p2`v
Ti? Q7 i?2 BKTHB+Bi i`22 b?QrM #Qp2 M22/bX
h?2 7+i i?i b2p2`H BKTHB+Bi b2`+?2b Q++m` ?m`i +QKTBH2@iBK2 T2`7Q`@
KM+2 /`KiB+HHvX qQ`FBM; `QmM/ i?Bb T`Q#H2K Bb- i?2M- 2bb2MiBH
iQ bT22/ mT +QKTBHiBQM iBK2bX h?2 a+H +QKTBH2` bi`ib i?2 BKTHB+Bi
`2bQHmiBQM BM i?2 bK2 b+QT2 b i?2 HQ+iBQM r?2`2 i?2v `2 `2[m2bi2/X
h?2 bQHmiBQM iF2b /pMi;2 Q7 i?Bb 7+i- M/ TH+2b HH i?2 `2[mB`2/
TB+FH2`b M/ mMTB+FH2`b BM i?2 bK2 b+QT2 bQ i?i i?2 +QKTBH2` BKK2@
/Bi2Hv }M/b i?2 `2[m2bi2/ BKTHB+BibX h?2 ?Bi `i2 Bb RyyWX h?2 K+`Q
;2M2`i2b 2[mBpH2Mi +Q/2 iQ,





// Pickler and Unpickler code for the spore type
object SporePU extends PU[Spore[Vector[Int], Int]] { ... }
h?2 `2bmHib r2`2 T`QKBbBM; 7Q` #Qi? TT`Q+?2b +QK#BM2/X q2 MQiB+2/ M
BKT`Qp2K2Mi BM +QKTBHiBQM iBK2b #2ir22M kt M/ jt UrQ`bi@+b2 b+2M`BQVX
b M 2tKTH2- i?2 +QKTBHiBQM Q7 i?2 a+H SB+FHBM; i2bi bmBi2 U+QMbBbiBM;
Q7 KQ`2 i?M j8y i2bibV /`QTT2/ 7`QK 8yy iQ H2bb i?M kyy b2+QM/bX LQi2
i?i mb2`b +M BM+`2b2 i?2b2 bT22/mTb B7 i?2v ++?2 TB+FH2`b b 2tTHBM2/ BM
b2+iBQM 9XjXR- r?B+? Bb  `2+QKK2M/2/ T`+iB+2X
9XjX9 AM#BHBiv iQ *mbiQKBx2 _mMiBK2 "2?pBQ`
S`Q#H2K GQQFmT Q7 TB+FH2`b i `mMiBK2 Bb  TQr2`7mH 72im`2 i?i 2M#H2b
i?2 `2@mb2 Q7 H`2/v mb2/ TB+FH2`b BM /Bbi`B#mi2/ TTHB+iBQMbXRR >Qr2p2`-
r?2M MQ ++?2/ TB+FH2` Bb 7QmM/- i?2 /27mHi K2+?MBbK H2p2`;2b `2~2+iBQM
iQ BMpQF2 `mMiBK2 ;2M2`iBQMX
aQHmiBQM hQ biBHH #2M2}i 7`QK i?2 ++?2b #mi pQB/ `2~2+iBQM- r2 //2/ i?2
HybridMode-  TB+FHBM; bi`i2;v i?i HHQrb `mMiBK2 TB+FH2` HQQFmT #mi +mib
/QrM Mv ivT2 Q7 `mMiBK2 ;2M2`iBQMX q2 i?Q`Qm;?Hv 2tTHBM i?2 bQHmiBQM
BM b2+iBQM 9XjX3X
Ryh?2 a+H HBM2`BxiBQM Q`/2` THvb  F2v `QH2 BM i?2 BKTHB+Bi b2`+? bBM+2 Bi /2i2`KBM2b
?Qr i?2 BKTHB+Bi `2bQHmiBQM Bb `mMX
RRh?2 bK2 ?TT2Mb 7Q` mMTB+FH2`bX
9XjX 1ti2MbBQMb iQ a+H SB+FHBM; 9j
9XjX8 SB+FHBM; M/ lMTB+FHBM; lMFMQrM hvT2b
S`Q#H2K AM i?2 7mM+iBQM@TbbBM; iQTQHQ;B2b- b2M/2` M/ `2+2Bp2` 2t+?M;2
K2bb;2b iQ T`Q/m+2  K2MBM;7mH `2bmHiX h?2 b2M/2`- r?Q /`Bp2b i?2 HQ;B+
Q7 i?2 T`Q;`Kb- ?b iQiH BM7Q`KiBQM #Qmi i?2 2t+?M;2/ +QKKmMB+iBQM
M/ FMQrb r?i b2M/b M/ r?i 2tT2+ib #+F b  `2bTQMb2X *QMp2`b2Hv-
i?2 `2+2Bp2` H+Fb i?Bb BM7Q`KiBQM M/ v2i Bi Kmbi #2 #H2 iQ +QKKmMB+i2
b2KH2bbHv rBi? i?2 +HB2Mi- i?i Bb- ;2M2`B+ K2bb;2 ivT2b BM i?2 b2`p2` `2@
[mB`2/ i?2 mb2 Q7 Any- i?2 iQT ivT2 BM i?2 a+H ivT2 bvbi2K- r?Qb2 +Q``2+i
b2`BHBxiBQM M/ /2b2`BHBxiBQM im`Mb Qmi iQ #2 2bb2MiBHX
aQHmiBQM .m2 iQ ;2M2`B+ K2bb;2 ivT2b- Any ?b iQ #2 #H2 iQ bmTTQ`i
KQbi Q7 i?2 TQbbB#H2 ivT2bXRk HbQ- bmTTQ`i 7Q` TB+FHBM; Any rb MQi T`QpB/2/X
"27Q`2- i?2`2 rb MQi  T`BM+BTH2/ TT`Q+? iQ /2H rBi? HH i?2 TQbbB#H2 +b2bX
L2p2`i?2H2bb- BKT`Qp2K2Mib BM Bib 7mM+iBQMBM; r2`2 bm++2b7mH BM +?B2pBM;
bQ- i i?2 +Qbi Q7  KBMBKmK mb2 Q7 `2~2+iBQMX AnyPicklerUnpickler Bb
QMHv mb2/ 7Q` TB+FHBM;- r?2M i?2 /Bb+Qp2`v Q7 i?2 +Hbb ivT2 Bb Q#iBM2/ pB
getClassX i i?i TQBMi- bm+? ivT2 BM7Q`KiBQM Bb mb2/ 7Q` i?2 /Bb+Qp2`v Q7
++?2/ TB+FH2`bfmMTB+FH2`bX AM 2ti`2K2 +b2b r?2`2 MQ ++?2/ TB+FH2`b `2
pBH#H2- BiǶb i?2Q`2iB+HHv TQbbB#H2 iQ ++?2 `mMiBK2 ;2M2`i2/ TB+FH2`bRj 7Q`
Hi2` mb2 2tTHBM2/ BM b2+iBQM 9XjX9X >Qr2p2`- 2M#HBM; i?Bb QTiBQM `2[mB`2b
i?2 2M/@mb2` MQi iQ mb2 i?2 HybridModeX 6Q` mMTB+FHBM; ;2M2`B+ K2bb;2b-
MQ `2~2+iBQM Bb mb2/ i HH- BMbi2/ mbBM; ivT2b 2ti`+i2/ 7`QK i?2 `2+2Bp2/
K2bb;2bX  7mHH 2tTHMiBQM Q7 i?Bb bBimiBQM M/ Bib bQHmiBQM Bb /Bb+mbb2/
BM b2+iBQM 9XjX3X
9XjXe JBb+2HHM2Qmb
.m`BM; i?2 /2p2HQTK2Mi T`Q+2bb- b2p2`H KBb#2?pBQ`b Q7 i?2 7`K2rQ`F ?p2
#22M `2TQ`i2/- 2bT2+B}+HHv BM i?2 /QKBM Q7 TB+FH2` ;2M2`iBQM- `2p2HBM;
bQK2 +Q`M2` +b2b i?i r2`2 MQi ?M/H2/ #v /27mHiX 6Q` BMbiM+2- +QKTBHBM;
// Define B and declare a spore
case class B[S](value: S)
val s: Spore[T, B[S]] = ??? // undefined
// Generate picklers and unpickler
implicitly[Pickler[Spore[T, B[S]]]
implicitly[Unpickler[Spore[T, B[S]]]
7BHb /2bTBi2 a+H SB+FHBM; Bb +T#H2 Q7 ;2M2`iBM; #Qi? TB+FH2` M/ mMTB+FH2`
7Q` BX h?Bb 2``Q` ?TT2Mb r?2M `mMiBK2 ;2M2`iBQM Bb 2M#H2/X A7 i?2`2 Bb MQ
TB+FH2` 7Q`  +Hbb B- r`TT2/ #v MQi?2` +Hbb W UBM i?Bb +b2- SporeV- i?2M
 #`M/ M2r TB+FH2` 7Q` W[A] Bb +`2i2/ 7`QK b+`i+?- rBi?Qmi `2mbBM; i?2
biiB+ TB+FH2` pBH#H2 7Q` WX h?2`27Q`2- i?2 ;2M2`i2/ TB+FH2`b KF2 mb2 Q7
`2~2+iBQMX Pi?2` KBMQ` Bbbm2b `2 `2Hi2/ iQ, BM2tBbi2Mi bmTTQ`i 7Q` pHm2
Rkai`m+im`H ivT2b `2 MQi bmTTQ`i2/ #v /27mHiX "v Mim`2- i?2v `2[mB`2 `mMiBK2 +?2+FbX
Rjb r2 2tTHBM BM b2+iBQM 9XjX3 a+HXDb bmTTQ`ib  `2bi`B+i2/ bm#b2i Q7 i?2 Cp _2~2+iBQM
SA- KFBM; i?Bb TQbbB#H2X
99 *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
+Hbb2b- 7BH2/ ;2M2`iBQM 7Q` +b2 +Hbb2b i?i `2+2Bp2 BKTHB+Bi T`K2i2`b-
2i+2i2`X
h?2 2M+QmMi2`2/ #m;b ?p2 #22M }H2/ BM i?2 a+H SB+FHBM; `2TQbBiQ`v b i?2
7QHHQrBM; Bbbm2b, O9ke- O9kj- O9kk- O9Rd- OjNN- OjN3- OjNd- OjN8- OjNRX
9XjXd a2`BHBxiBQM BM i?2 S`2b2M+2 Q7 1tBbi2MiBH ZmMiB}+@
iBQM
AMBiBHHv- iQ b2`BHBx2 KQbi K2bb;2 ivT2b 2t+?M;2/ #v i?2 M2irQ`F +QKKm@
MB+iBQM Hv2`- `mMiBK2@#b2/ mMTB+FH2`b ?/ iQ #2 mb2/ UK2MBM; mMTB+FHBM;
+Q/2 /Bb+Qp2`BM; i?2 bi`m+im`2 Q7  ivT2 i?`Qm;? BMi`QbT2+iBQM i `mMiBK2VX
 KDQ` /Bb/pMi;2 Q7 `mMiBK2@#b2/ mMTB+FHBM; Bb Bib bB;MB}+Mi BKT+i QM
T2`7Q`KM+2X h?2 `2bQM 7Q` Bib BMBiBH M2+2bbBiv rb i?i K2bb;2 ivT2b `2
ivTB+HHv ;2M2`B+- #mi i?2 ;2M2`B+ ivT2 `;mK2Mib `2 2tBbi2MiBHHv@[mMiB}2/
ivT2 p`B#H2b QM i?2 `2+2Bp2`Ƕb bB/2X 6Q` 2tKTH2- i?2 HBM2;2 Q7  aBHQ_27
Kv +QMiBM BMbiM+2b Q7  ivT2 JTT2/X h?Bb ;2M2`B+ ivT2 ?b 7Qm` ivT2
T`K2i2`bX h?2 `2+2Bp2` Q7  7`2b?Hv mMTB+FH2/ JTT2/ BMbiM+2 ivTB+HHv
mb2b  Tii2`M Ki+?,
case mapped: Mapped[t, s] =>
h?2 ivT2 `;mK2Mib u- M/ s `2 ivT2 p`B#H2bX q?BH2 mMFMQrM- i?2 biiB+
ivT2 Q7 mapped Bb biBHH mb27mH 7Q` ivT2@b72iv,
val newSilo = new LocalSilo[v, s](mapped.fun(value))
>Qr2p2`- Bi Bb BKTQbbB#H2 iQ ;2M2`i2 ivT2@bT2+B}+ +Q/2 iQ mMTB+FH2  ivT2
HBF2 Mapped[t, s] bBM+2 i?2v `2 MQi +QM+`2i2 ivT2b i?i b+H TB+FHBM; +M
;2M2`i2 TB+FH2`b 7Q`X b  bQHmiBQM iQ i?Bb T`Q#H2K- r2 2tTHQ`2 MQi?2`
Hi2`MiBp2 +HH2/ ǳb2H7@/2b+`B#BM;Ǵ TB+FH2bX
a2H7@/2b+`B#BM; TB+FH2`b h?2 B/2 Bb iQ m;K2Mi i?2 b2`BHBx2/ `2T`2b2M@
iiBQM rBi? //BiBQMH BM7Q`KiBQM #Qmi ?Qr iQ mMTB+FH2X h?2 F2v Bb iQ
+Tim`2 i?2 ivT2@bT2+B}+ TB+FH2` M/ mMTB+FH2` r?2M i?2 7mHHv@+QM+`2i2 ivT2
Q7  Mapped BMbiM+2 Bb FMQrM Ui i?2 +HH@bBi2V,
def doPickle[T](msg: T)
(implicit pickler: Pickler[T],
unpickler: Unpickler[T]): Array[Byte] = ???
1bb2MiBHHv- i?Bb K2Mb r?2M doPickle Bb +HH2/ rBi?  +QM+`2i2 ivT2 T- bv,R9
doPickle[Mapped[List[Int], List[String]]](mapped)
MQi QMHv  ivT2@bT2+B}+ BKTHB+Bi TB+FH2` U ivT2 +Hbb BMbiM+2V Bb HQQF2/ mT-
#mi HbQ  ivT2@bT2+B}+ BKTHB+Bi mMTB+FH2`X h?2b2 BKTHB+Bi pHm2b `2 +``B2/
HQM; BM 2p2`v 7mM+iBQM bB;Mim`2 Q7 i?2 7`K2rQ`FX AM Qi?2` rQ`/b- BKTHB+Bi
pHm2b ?p2 iQ T`QT;i2 7`QK 2M/@mb2` +Q/2 iQ i?2 M2irQ`F SA- `2bTQMbB#H2
R9LQi2 i?i i?2 ivT2 `;mK2Mib `2 BM72``2/ #v i?2 a+H +QKTBH2`c i?2v `2 QMHv b?QrM
7Q` +H`BivX
9XjX 1ti2MbBQMb iQ a+H SB+FHBM; 98
Q7 i?2 +QKKmMB+iBQM rBi? Qi?2` MQ/2bXR8 h?2 doPickle K2i?Q/ +QmH/ i?2M
#mBH/  b2H7@/2b+`B#BM; TB+FH2 b 7QHHQrbX 6B`bi- i?2 +imH K2bb;2 Bb TB+FH2/
mbBM; i?2 TB+FH2`- vB2H/BM;  #vi2 ``vX h?2M- M BMbiM+2 Q7 i?2 7QHHQrBM;





"2bB/2b i?2 Dmbi T`Q/m+2/ #vi2 ``v- Bi +QMiBMb i?2 +Hbb MK2 Q7 i?2 ivT2@
bT2+B}+ mMTB+FH2`XRe h?Bb 2M#H2b- mbBM; i?Bb 7mHHv ivT2@bT2+B}+ mMTB+FH2`-
2p2M r?2M i?2 K2bb;2 ivT2 iQ #2 mMTB+FH2/ Bb QMHv T`iBHHv FMQrMX HH
i?i Bb `2[mB`2/ Bb M mMTB+FH2` 7Q` ivT2 SelfDescribingX 6B`bi- Bi `2/b
i?2 #vi2 ``v M/ +Hbb MK2 7`QK i?2 TB+FH2X a2+QM/- Bi BMbiMiBi2b i?2
ivT2@bT2+B}+ mMTB+FH2` `2~2+iBp2Hv mbBM; i?2 +Hbb MK2 ULQi2 i?i i?Bb Bb
TQbbB#H2 QM #Qi? i?2 CoJ b r2HH b QM Cpa+`BTi `mMiBK2b mbBM; a+HǶb
+m``2Mi Cpa+`BTi #+F2M/VX 6BMHHv- i?2 mMTB+FH2` Bb mb2/ iQ mMTB+FH2 i?2
#vi2 ``vX
>Qr2p2`- i?Bb bQmM/b iQQ ;QQ/ iQ #2 i`m2X h?2 `2HBiv Bb i?i i?2 BMbiMiB@
iBQM Q7 i?2 mMTB+FH2` pB `2~2+iBQM Bb TQbbB#H2 BM i?2Q`v- #mi mM72bB#H2 BM
T`+iB+2- /m2 iQ i?2 rv BKTHB+Bi `2bQHmiBQM rQ`Fb BM a+HX G2iǶb 2tTHBM
i?Bb BM /2iBH rBi? M 2tKTH2X h?2 +Hbb Mapped Bb /2}M2/ b 7QHHQrb,
final case class Mapped[T, S](
target: Node, // points to the parent node
sp: Spore[T, S], // spore that we're sending over
nodeId: NodeId // identify the node
)(implicit p: Pickler[Spore[T, S]],
u: Unpickler[Spore[T, S]]) extends Node
6QHHQrBM; i?2 T`2pBQmb 2tKTH2- r2 rMi iQ b2M/  MQ/2 Q7 i?2 HBM2;2 `2T`2@
b2MiBM;  map i`Mb7Q`KiBQM 7`QK List[String] iQ List[Int]X hQ b2`BHBx2
UM/ /2b2`BHBx2V i?Bb Mapped BMbiM+2- r2 bF 7Q` i?2 TB+FH2`b M/ mMTB+FH2`b
Q7 bm+? +QM+`2i2 ivT2,
val p = implicitly[Pickler[Mapped[List[String], List[Int]]]]
val u = implicitly[Unpickler[Mapped[List[String], List[Int]]]]
"v /2}MBiBQM- i?2 b2`BHBxiBQM +Q/2 Q7 Mapped /2T2M/b QM i?2 TB+FH2` Q7 ivT2
Spore[T, S]- r?B+? BM im`M /2T2M/b QM i?2 TB+FH2`b Q7 T M/ SXRd aBKBH`Hv-
r?2M a+H SB+FHBM; ;2M2`i2b TB+FH2`b 7Q` Mapped- i?2 `2bmHiBM; +Q/2 /2H2@
;i2b iQ i?2 TB+FH2`b Q7 i?2 ivT2 T`K2i2`b Q7 i?2 +QMbi`m+iQ`- B7 MvX q?2M
i?2 BKTHB+Bi `2bQHmiBQM iF2b TH+2b- Bi `2mb2b TB+FH2`b BM i?2 b+QT2 M/ #BM/b
iQ i?2K UP/2`bFv- kyR9VX
h?Bb Mim`H /2T2M/2M+v KQM; TB+FH2`b- i?i i?2 +QKTBH2` `2bQHp2b bm++2bb@
7mHHv- HbQ KMB72bib Bib2H7 BM i?2 #vi2+Q/2@H2p2HX AKTHB+Bi T`K2i2`b BM +Hbb
R8LQi2 i?i doPickle Bb QMHv M 2tKTH2 M/ /Q2bMǶi `2T`2b2Mi i?2 BMi2`7+2 i?i rQmH/
#2 BMpQF2/ #v i?2 2M/@mb2`
ReLQi2 i?i i?Bb +Hbb MK2 Bb i?2 7mHHv [mHB}2/ MK2 Q7  JVM Class- MQi  ivT2 i?i
+M #2 FMQrM i +QKTBH2@iBK2X
Rdh?2 bK2 `2bQMBM; TTHB2b 7Q` i?2 /2b2`BHBxiBQM HQ;B+X
9e *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
/2}MBiBQM `2 im`M2/ BMiQ T`K2i2`b Q7 i?2 +QMbi`m+iQ`b- K2MBM; i?i bm+?
/2T2M/2M+v Bb 2tTHB+Bi 7Q` i?2 pB`imH K+?BM2 i?i 2t2+mi2b i?2 T`Q;`KX
h?Bb im`Mb i?2 TB+FH2` `2~2+iBp2 BMbiMiBiBQM BKTQbbB#H2, i?2 TB+FH2` /2T2M@
/2M+B2b `2 mMFMQrM r?2M r2 mMTB+FH2 SelfDescribing M/- i?mb- r2 HQb2
i?2 #BHBiv iQ BMpQF2 i?2 +QMbi`m+iQ` Q7  +HbbXR3
 TQbbB#H2 rQ`F`QmM/ rQmH/ #2 iQ F22T i`+F Q7 i?2 TB+FH2` /2T2M/2M+v i`22
BM i?2 b2`BHBx2/ K2bb;2- M/ `2+QMbi`m+i Bi BM i?2 `2+2Bp2` MQ/2X u2i- bm+?
bQHmiBQM bbmK2b i?i i?2 /2T2M/2M+B2b rQmH/ Hrvb #2 Q7 ivT2 Pickler
Q` Unpickler-  +HBK i?i `2HB2b QM ?Qr i?2 a+H #vi2+Q/2 ;2M2`iBQM
rQ`Fb BM i?2Q`vX AM 7+i- i?2 a+H #vi2+Q/2 ;2M2`iQ` /Q2b BM/22/ #`2F
i?Bb bbmKTiBQMc BMbi2/- r?2M  TB+FH2` /2}MBiBQM `272`2M+2b iQ KQ`2 i?M
QM2 Pickler M/ Unpickler /2}M2/ BM i?2 Qmi2` b+QT2- Bi mb2b  `272`2M+2
iQ i?2 2M+HQbBM; b+QT2 U#2 Bi M objectRN Q`  classVX hQ i?2 #2bi Q7 Qm`
FMQrH2/;2- i?2`2Ƕb MQi  bQHmiBQM iQ i?Bb T`Q#H2K Q`- i H2bi-  bBKTH2 rv
iQ //`2bb Bi i?i /Q2bMǶi /2T2M/ QM i?2 BMi2`MHb Q7 i?2 +QKTBH2`- T`QM2 iQ
+?M;2 Qp2` iBK2X .m2 iQ i?2 H+F Q7  ;2M2`HBx2/ bQHmiBQM- r2 ?p2 /2+B/2/
MQi iQ Tm`bm2 i?Bb Ti? Mv 7m`i?2`X "2HQr- r2 T`2b2Mi  M2r bQHmiBQM iQ
i?Bb T`Q#H2KX
9XjX3 *+?BM; SB+FH2`b i _mMiBK2
aQ 7`- r2 ?p2 b?QrM i?i 7mHH biiB+ b2`BHBxiBQM M/ /2b2`BHBxiBQM Bb MQi
TQbbB#H2 7Q` ;2M2`B+ K2bb;2 ivT2b QM i?2 `2+2Bp2`Ƕb bB/2X *QMp2`b2Hv- i?2
m`;2 7Q` 2{+B2M+v T`2p2Mib mb 7`QK mbBM; `mMiBK2@#b2/ TB+FH2`bX AM i?Bb
b2+iBQM- r2 T`2b2Mi  ;2M2`H bQHmiBQM i?i `2+QM+BH2b #Qi? TT`Q+?2b BM M
2{+B2Mi bBKTH2 i2+?MB[m2X
h?2 F2v B/2 Bb iQ T`QpB/2 TB+FH2` M/ mMTB+FH2` i2KTHi2b 7Q` 2p2`v 2t@
+?M;2/ K2bb;2 Q7 i?2 T`QiQ+QHX h2KTHi2b rQ`F 7Q` HH i?2 a+H ivT2b-
#2BM; #H2 iQ ?M/H2 7`QK bBKTH2 ivT2b iQ ?B;?2`@FBM/ ivT2b M/ ivT2 +QM@
bi`m+iQ`bX h?2v `2 BM/2T2M/2Mi M/ /QMǶi /2H2;i2 i?2B` HQ;B+ iQ Qi?2`
TB+FH2`b- bi`BTTBM; Qmi i?2 /2T2M/2M+v i`22 7`QK i?2 2t2+mi2/ +Q/2X AMbi2/-
i?2v `2Hv QM i?2 `mMiBK2 ivT2 BM7Q`KiBQMky UHbQ FMQrM b tagsV 2ti`+i2/
7`QK i?2 b2`BHBx2/ K2bb;2bXkR
h?2 `mMiBK2 ;2M2`H 7Q`K Q7  ivT2 +QMbBbib BM `2TH+BM; HH ivT2 T`K2i2`b
#v Any U2X;X List[Int] #2+QK2b i?2 KQ`2 mMBp2`bH List[Any]VX h?Bb i`Mb@
7Q`KiBQM Bb F2věBi 2M#H2b i?2 HQQFmTb Q7 TB+FH2` M/ mMTB+FH2` BM  ++?2
i?i Bb TQTmHi2/ HxBHv i #QQi@iBK2X lMHBF2 T`2pBQmbHv- i?2 ++?2 +QMiBMb
i2KTHi2b M/ Bi Bb +?2+F2/ #27Q`2 7HHBM; #+F iQ TB+FH2` `mMiBK2 ;2M2`iBQMX
h?2 T`QTQb2/ bQHmiBQM Bb iQ ++?2 /27mHi TB+FH2` M/ mMTB+FH2` i2KTHi2b 7Q`
2p2`v TQbbB#H2 mb2/ ivT2X 1bb2MiBHHv- r2Ƕ`2 `2TH+BM; i?2 rv r2 `2bQHp2 i?2
/2T2M/2M+B2b Q7 i?2 TB+FH2`bX AMbi2/ Q7 ?`/+Q/BM; i?2b2 /2T2M/2M+B2b BM i?2
R3LQi2 i?i i?2 mb2 Q7 sun.misc.Unsafe.instance.allocateInstance /Q2b MQi bQHp2 i?2
T`Q#H2KX SB+FH2`b QM r?B+? i?2 +Q/2 /2H2;i2b rBHH #2 nullX
RN"v Q#D2+ib r2 K2M a+H object /2}MBiBQMb- MQi BMbiM+2b Q7 +Hbb2bX
kya+H SB+FHBM; HHQrb iQ 2HB/2 ivT2b BM i?2 b2`BHBx2/ Q#D2+ib r?2M i?2 `2+2Bp2` FMQrb
r?i BiǶb 2tT2+iBM; iQ mMTB+FH2X h?Bb 72im`2 Kmbi MQi #2 2M#H2/ 7Q` i?2 bm++2bb Q7 i?2
bQHmiBQMX
kRFastTypeTagb `2 M BKTQ`iMi +QKTQM2Mi BM b+H TB+FHBM; i?i `2T`2b2Mi 2Bi?2` +QM@
+`2i2 ivT2b i +QKTBH2@iBK2 Q` ;2M2`H ivT2b i `mMiBK2X
9X9X 1ti2MbBQMb iQ aTQ`2b 9d
;2M2`i2/ +Q/2- r2 `2+QMbi`m+i i?2K 7`QK i?2 m;K2Mi2/ ivT2 BM7Q`KiBQM
BM i?2 b2`BHBx2/ K2bb;2 M/ HQQFmTb BM  ++?2X 6Q` i?2 T`2pBQmb 2tK@
TH2- i?Bb BMpQHp2b T`QpB/BM; TB+FH2`b 7Q` Spore[List[Int], List[String]]-
List[Int]- List[String]- String M/ IntX
AM +QM+HmbBQM- i?Bb TT`Q+? 2Mbm`2b UV i?i  ivT2 i?i Bb TB+FH2#H2 mbBM;
 ivT2@bT2+B}+ TB+FH2` Bb ;m`Mi22/ iQ #2 mMTB+FH2#H2 #v i?2 `2+2Bp2`- M/
U#V i?i i?2 2{+B2M+v Q7 TB+FHBM; M/ mMTB+FHBM; BM #Qi? bB/2b Bb `Qm;?Hv i?2
bK2- rBi?  bKHH T2MHiv 7Q` HQQFBM; mT i?2 ++?2/ TB+FH2`bX
9X9 1ti2MbBQMb iQ aTQ`2b
h?2 T`Q;`KKBM; KQ/2H KF2b 2ti2MbBp2 mb2 Q7 bTQ`2b- +HQbm`2@HBF2 Q#D2+ib
rBi? 2tTHB+Bi- ivT2/ 2MpB`QMK2MibX q?BH2 UJBHH2`- >HH2`- M/ P/2`bFv- kyR9V
?b `2TQ`i2/ M 2KTB`B+H 2pHmiBQM Q7 bTQ`2b- i?2 T`2b2Mi2/ T`Q;`KKBM;
KQ/2H M/ BKTH2K2MiiBQM im`M2/ Qmi iQ #2 M 2ti2MbBp2 pHB/iBQM Q7 bTQ`2b
BM i?2 +QMi2ti Q7 /Bbi`B#mi2/ T`Q;`KKBM;X AM //BiBQM- i?2 BKTH2K2MiiBQM
`2[mB`2/  i?Q`Qm;? `2}M2K2Mi Q7 i?2 rv bTQ`2b `2 TB+FH2/X
*QKTBH2@iBK2 K2iT`Q;`KKBM; BM Mv T`Q;`KKBM; HM;m;2 Bb ?`/- bBM+2
Bib 7`;BH2 BMi2`+iBQM rBi? i?2 +QKTBH2` KF2b Bi /B{+mHi iQ +?B2p2 7mHH
+Q``2+iM2bbX h?2 BKTH2K2MiiBQM Q7 bTQ`2b H27i bQK2 `QQK 7Q` BKT`Qp2K2MiX
aQK2 Q7 i?2 Bbbm2b r2 7QmM/ r2`2 KBMQ` UivT2 BM72`2M+2 T`Q#H2Kb- +Q``2+iM2bb
r?2M /2HBM; rBi? Ti?@/2T2M/2Mi ivT2bV M/- b bm+?- `2 MQi /Bb+mbb2/ BM
i?Bb TT2`X >Qr2p2`- r2 /Bb+mbb BM /2iBH i?2 KQbi `2H2pMi BKT`Qp2K2Mi BM
i?2 bTQ`2b T`QD2+iX
9X9XR JBbbBM; bmTTQ`i 7Q` 6mM+iBQMy
S`Q#H2K Function0 Bb  i`Bi BM i?2 a+H biM/`/ HB#``vX Mv T@
`K2i2`H2bb 7mM+iBQM 2ti2M/b BiXkk aTQ`2b T`QpB/2 BKTHB+Bi +QMp2`bBQMb 7`QK
7mM+iBQMb iQ bTQ`2b- i?i 2bb2MiBHHv 2ti2M/ 7mM+iBQM Q#D2+ib rBi? bTQ`2 Q#@
D2+ibX b i?2 mb2 Q7 7mM+iBQMb Bb T`QKBM2Mi BM a+H- QM2 rQmH/ 2tT2+i /B`2+i
+QMp2`bBQM iQ  bTQ`2 7Q` Mv FBM/ Q7 7mM+iBQMX b i?2 7QHHQrBM; 2tKTH2
b?Qrb- i?Bb Bb MQi i?2 +b2 7Q` 7mM+iBQMb rBi? MQ T`K2i2`bX
// Works! There's an implicit conversion!
val f1 = (name: String) => println(s"Hello, name")
val sp1: Spore[String, String] = f1
// Doesn't work, no spore0 class and implicit conversion!
val f0 = () => println(s"Hello, Joe")
val sp0: ??? = f0
aQHmiBQM h?2 bQHmiBQM iQ i?2 Bbbm2 rb `i?2` bi`B;?i7Q`r`/- T2`7Q`K2/
BM irQ bi2TbX 6B`bi- r2 //2/ M MHQ;Qmb bTQ`2 +Hbb iQ Function0- +HH2/
NullarySporeX a2+QM/- r2 T`QpB/2/ /27mHi BKTHB+Bi +QMp2`bBQMb #2ir22M
i?2 irQX M/ }MHHv r2 2tTQb2/ TB+FH2` M/ mMTB+FH2` BMbiM+2b 7Q` BiX
kkLQi2 i?i a+H 7mM+iBQMb `2 `2T`2b2Mi2/ b Q#D2+ibX
93 *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
9X9Xk ai`m+im`H *?M;2b BM aTQ`2b
S`2pBQmbHv- i i?2 iBK2 Q7 i?2 bTQ`2 +Hbb ;2M2`iBQM- bTQ`2b MQi +Tim`BM;
Mvi?BM; 7`QK i?2 2MpB`QMK2Mi 2ti2M/2/ Spore[T, S] 7Q` bQK2 +QM+`2i2
ivT2b T M/ SX
i i?2 ivT2 H2p2H- BiǶb M2+2bb`v iQ /BbiBM;mBb? #2ir22M  bTQ`2 i?i +Tim`2b
p`B#H2b 7`QK i?2 2MpB`QMK2Mi M/ QM2 i?i /Q2bMǶiX h?2 Hii2` ivT2 Q7
bTQ`2 Bb KQ`2 bT2+B}+ M/- i?2`27Q`2- BiǶb `2T`2b2Mi2/ b  bm#+Hbb Q7 SporeX
trait SporeWithEnv[-T, +R] extends Spore[T, R] { ... }
Ai Bb +QM+2Bp#H2- i?Qm;?- i?i /2p2HQT2`b rMi iQ ?p2 KQ`2 +QMi`QH r?2M
+?QQbBM; i?2B` bTQ`2 ivT2b- bBM+2 i?2 bmT2` bTQ`2 ivT2 Bb MQi 2tTHB+Bi 2MQm;?Xkj
 +QKT2HHBM; bBimiBQM- 7Q` BMbiM+2- Bb i?i Q7  HB#``v /2bB;M2` i?i rMib
i?2B` mb2`b MQi iQ +Tim`2 Mvi?BM; 7`QK i?2 2MpB`QMK2MiX 6Q` i?Qb2 +b2b-
b?2 rQmH/ mb2 Spore[T,S] {type Captured = Nothing} BMbi2/ Q7 i?2 QH/
QM2X
9X8 hvBM; h?BM;b hQ;2i?2`, SB+FHBM; aTQ`2b
SB+FHBM; M/ mMTB+FHBM; bTQ`2b Bb  iQTB+ i?i ?b #22M T`2b2Mi2/ BM T`2pBQmb
`2b2`+?X h?2 aTQ`2b TT2` UJBHH2`- >HH2`- M/ P/2`bFv- kyR9V BMi`Q/m+2b
M 2ti2MbB#H2 ivT2@#b2/ K2+?MBbK iQ /2}M2 +mbiQK T`QT2`iB2b pB BKTHB+@
BibX h?2 +T#BHBiv iQ b2`BHBx2 M/ /2b2`BHBx2 +M #2 2tT`2bb2/ b QM2 Q7
i?2b2 T`QT2`iB2b- b r2 ?p2 H`2/v b?QrM BM T`2pBQmb b2+iBQMbX q?BHbi
i?Bb i?2bBb 2tTHBMb bT2+B}+@ivT2 TB+FH2`b M/ mMTB+FH2`b- Bi /Q2bMǶi HQQF BMiQ
M2Bi?2` `mMiBK2 TB+FHBM; bi`i2;B2b MQ` i2KTHi2bX PM+2 i?2 T`Q;`KKBM;
KQ/2H BKTH2K2MiiBQM b2iiH2/ QM mbBM; TB+FH2` M/ mMTB+FH2` i2KTHi2b- bm+?
bmTTQ`i rb 2bb2MiBHX b  `2bmHi- r2 BM+Q`TQ`i2/ i?2K BMiQ i?2 /27mHi
2tBbiBM; BKTH2K2MiiBQMX
9X8XR _2T`2b2MiBM; aTQ`2b i?i *Tim`2 o`B#H2b
h?2 Mim`H /BbiBM+iBQM #2ir22M /Bz2`2Mi FBM/b Q7 ivT2b HbQ +?M;2b i?2
TB+FHBM; M/ mMTB+FHBM; HQ;B+ěmMHBF2 Spore- SporeWithEnv M22/b iQ b2`BHBx2
M/ /2b2`BHBx2 Bib 2MpB`QMK2Mi Ui?2 +Tim`2/ p`B#H2bVX
h?2 T`2pBQmb BKTH2K2MiiBQM `Qm;?Hv T`QpB/2/ i?Bb 72im`2X >Qr2p2`- KQbi
+QM+`2i2 bTQ`2 ivT2b 7BH2/ iQ TB+F i?2 +Q``2+i Pickler M/ UnpicklerX amT@
TQb2 i?2 7QHHQrBM; bBimiBQM,
// Define a spore with environment
val captured = 1
val sp: Spore[Int, String] = spore {




kjLQi2 i?i- 7`QK M Q#D2+i@Q`B2Mi2/ T2`bT2+iBp2- bmT2` ivT2b HbQ `2T`2b2Mi +QM+`2i2
bm#+Hbb2bX
9X8X hvBM; h?BM;b hQ;2i?2`, SB+FHBM; aTQ`2b 9N
// Pickle a spore
val p = sp.pickle
h?2 `B;?i@?M/ bB/2 Q7 i?2 bTQ`2 /2}MBiBQM bbB;Mb  bTQ`2 Q7 ivT2 SporeWithEnv
[Int, String] iQ  p`B#H2 spX >Qr2p2`- sp ?b i?2 ivT2 Spore[Int, String]X
b i?2 BKTHB+Bi b2`+? QMHv iF2b BMiQ ++QmMi i?2 ivT2 bB;Mim`2 i?i i`B;;2`b
Bi- Bi TB+Fb i?2 TB+FH2` 7Q` i?2 bmT2` +Hbb r?2M- BMimBiBp2Hv- b?QmH/ TB+F i?2
TB+FH2` 7Q` i?2 +QM+`2i2 +Hbb SporeWithEnvX h?2 7+i i?i BKTHB+Bib /Q MQi
7mHHv bmTTQ`i ivT2 BM?2`BiM+2 Bb MQi  HBKBiiBQM- #mi i?2 rv BiǶb bmTTQb2/
iQ rQ`FX
h?2 7Q`2K2MiBQM2/ +b2 Q++m`b 7`2[m2MiHv r?2M /2bB;MBM; BMi2`7+2b- b
BM i?2 +b2 Q7 i?2 7mM+iBQM@TbbBM; BKTH2K2MiiBQMX 6Q` BMbiM+2- i?2 map
K2i?Q/ /Q2bMǶi FMQr i?2 FBM/ Q7 bTQ`2 i?i rBHH `2+2Bp2 b M `;mK2MiX
h?2`2#v- Bi TB+Fb i?2 KQbi ;2M2`H QM2- SporeX
h?2 T`QTQb2/ bQHmiBQM //b  M2r H2p2H Q7 BM/B`2+iBQM M/ ?b #22M `2rQ`F2/
7`QK b+`i+?X aT2+BH Picklerb M/ Unpicklerb `2 T`QpB/2/ 7Q` i?2 ;2M2`H
bTQ`2 ivT2X LQM2i?2H2bb- i?Qb2 TB+FH2`b b M BMi2`K2/Bi2 /BbTi+?2` i?i
+?2+Fb r?2i?2` i?2 bTQ`2 iQ #2 TB+FH2/ Bb BM/22/ M BMbiM+2 Q7 SporeWithEnvX
AM i?i +b2-  iBHQ`@K/2 TB+FH2` M/ mMTB+FH2` 7Q` i?i BMbiM+2 Bb mb2/X
Pi?2`rBb2- +QMp2MiBQMH TB+FHBM; M/ mMTB+FHBM; iF2b TH+2X h?2 i2bib M/
2tT2`BK2MiiBQM +QM}`K i?2 bm++2bb Q7 bm+? BKT`Qp2K2Mi iQ TB+FH2 M/ mM@
TB+FH2 bTQ`2b- rBi?Qmi //BiBQMH +Q`M2` +b2bX
9X8Xk SB+FHBM; M/ lMTB+FHBM; aTQ`2b
h?2 7mM+iBQM@TbbBM; KQ/2H BKTH2K2MiiBQM bbmK2b b?`2/ +QKTBHiBQM-
K2MBM; i?i HH i?2 /Bz2`2Mi T`Q;`Kb BMi2`+iBM; pB i?2 T`Q;`KKBM;
KQ/2H M22/ iQ #2 +QKTBH2/ BM i?2 bK2 D`X Hi?Qm;? i?Bb +QmH/ #2 `2;`/2/
b  HBKBiiBQM- Bi 2M#H2b TB+FHBM; M/ mMTB+FHBM; bTQ`2b-  7mM/K2MiH
72im`2 Q7 i?2 BKTH2K2MiiBQMX "2HQr- r2 2tTHBM i?2 `2HiBQM #2ir22M i?2b2
irQ b22KBM;Hv mM+QMM2+i2/ iQTB+bX
h?2 bTQ`2 K+`Q T?b2 rQ`Fb b 7QHHQrb, r?2M2p2` Bi b22b  spore- i?2
K+`Q Bb 2tTM/2/ M/ +`2i2b  M2r bTQ`2 +HbbX h?i +Hbb 2ti2M/b i?2
BM72``2/ bTQ`2 ivT2 M/ +QMiBMb i?2 +Tim`2/ p`B#H2b Q7 i?2 2MpB`QMK2MiX
h?2 B/2MiB}2` Q7 i?2 #`M/ M2r +Hbb Bb mMB[m2c Bi Bb +`2i2/ i?`Qm;? rBi?
freshName-  K2i?Q/ 2tTQb2/ BM i?2 *QMi2ti i?i iF2b +`2 Q7 pQB/BM;
MK2 +QHHBbBQMXk9
b  `2bmHi- TB+FHBM; M/ mMTB+FHBM; bTQ`2b Bb bi`B;?i7Q`r`/, b2M/ i?2
mMB[m2 bTQ`2 +Hbb MK2 M/ BMbiMiBi2 Bi QM i?2 `2+2Bp2` bB/2 i?`Qm;? #bB+
`2~2+iBQMXke AM i?2 +b2 Q7 bTQ`2b rBi? 2MpB`QMK2Mib- i?2 +Tim`2/ p`B#H2b
k9LK2 +QHHBbBQM Bb  ivTB+H T`Q#H2K Q7 K2iT`Q;`KKBM;c K+`Qb +QmH/ /2}M2 i2`Kb
rBi? MK2b i?i `2 mb2/ BM i?2 i`Mb7Q`K2/ T`Q;`K- `2bmHiBM; BMiQ MKBM; Bbbm2b i
`mMiBK2X hQ pQB/ i?2K- i?2 BMi2`MH BKTH2K2MiiBQM BM+`2K2Mib  +QmMi2` M/ K2`;2b
Bib pHm2 rBi? i?2 +m``2Mi 6ZL U7mHHv [mHB}2/ MK2Vk8 2p2`v iBK2  M2r 7`2b? MK2 Bb
+`2i2/ M/ //b Bi iQ i?2 2M/ Q7 i?2 +m``2Mi 7mHHv [mHB}2/ MK2 i i?2 TH+2 Q7 i?2 K+`Q
2tTMbBQMX
ke"v #bB+ `2~2+iBQM- r2 K2M mbmH QTiBKBx2/ K2i?Q/b Q7 i?2 `2~2+iBQM SA HBF2
Class.forName- i?i Bi ?TT2Mb iQ rQ`F BM #Qi? a+HXDb M/ i?2 CoJX 6Q` i?i- BiǶb
`2[mB`2/ iQ ?p2 ++2bb iQ i?2 +QM+`2i2 +Hbb MK2X
8y *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
`2 HbQ i`MbKBii2/ M/ b2i BM i?2 BMbiMiBi2/ bTQ`2X
q?v- i?2M- Bb b?`2/ +QKTBHiBQM `2[mB`2/\ G2iǶb bmTTQb2 7Q`  KQK2Mi i?i
+HB2Mi M/ b2`p2` +Q/2 `2 +QKTBH2/ b2T`i2HvX h?2 +HB2Mi rBHH bm++2bb7mHHv
b2M/ Mv K2bb;2 iQ i?2 b2`p2`X h?Qb2 K2bb;2b +QMiBM- KQM; Qi?2` i?BM;b-
bTQ`2b `2T`2b2MiBM; i?2 7mM+iBQM iQ #2 2pHmi2/ BM i?2 b2`p2`X q?2M i?2
b2`p2` `2+2Bp2b QM2 Q7 i?2b2 bTQ`2b- Bi rBHH i`v iQ /2b2`BHBx2 i?2 bTQ`2 M/ 7BHX
h?2 `2bQM Q7 i?Bb 7BHm`2 Bb i?i i?2 bTQ`2 mMTB+FH2` rBHH ;2i i?2 bTQ`2 +Hbb
MK2- M/ i?i +Hbb MK2 /Q2b MQi 2tBbi 7Q` i?2 b2`p2` CoJ c mM7Q`imMi2Hv-
Bi QMHv 2tBbib 7Q` i?2 +HB2MiX h?2 QMHv pHB/ TT`Q+? iQ i?Bb Bbbm2 Bb iQ #mM/H2
mT Mv T`i Q7 i?2 bvbi2K HiQ;2i?2` M/ b?`2 i?i D` BM Q`/2` iQ `mM BiX
u2i- mb2`b +QM+2`M2/ M/ +QMbi`BM2/ #v b?`2/ +QKTBHiBQM `2 MQi H27i i
i?2B` 7i2X SQbbB#H2 Hi2`MiBp2b iQ rQ`F `QmM/ i?Bb T`Q#H2K BM+Hm/2- #mi
`2 MQi `2bi`B+i2/ iQ- b2p2`H bi`i2;B2b i?i H2p2`;2 /vMKB+ +Hbb HQ/BM;X
h?2b2 i2+?MB[m2b ?p2 #22M /Bb`2;`/2/ #2+mb2 Q7 b2+m`Biv M/ T2`7Q`KM+2
`2bQMbX PM i?2 QM2 ?M/- TQi2MiBH ii+F2`b rQmH/ #2 #H2 iQ 2t2+mi2
KHB+BQmb +Q/2 #v +`27mHHv +`2iBM; M/ HQ/BM; +Hbb2b Q7 i?2 2tT2+i2/ ivT2X
PM i?2 Qi?2` ?M/- i?2 mb2 Q7  b2+m`2 M2irQ`F T`QiQ+QH M/ i?2 +Qbi BM
K2bb;2 bBx2 M/ +Hbb HQ/BM; kd rQmH/ #2 iQQ Km+? Q7 M Qp2`?2/ 7Q`
i?2b2 bvbi2Kb- i?i mbmHHv `mM BM T`Bpi2 BM++2bB#H2 +Hmbi2`bX
>Qr2p2`- r?2M Bi +QK2b iQ TB+FH2 M/ mMTB+FH2 i2KTHi2b- i?2`2Ƕb  T`Q#@
H2KX PM i?2 `2+2Bp2`Ƕb bB/2- i?2 FastTypeTag i?i +QMiBMb i?2 M2+2bb`v
ivT2 BM7Q`KiBQM 7Q` HQQFBM; mT M/ ;2M2`iBM; TB+FH2`bfmMTB+FH2`b Bb +`2@
i2/ 7`QK i?2 `mMiBK2 +Hbb MK2 Ui?2 +QM+`2i2 ivT2 Bb mMFMQrM M/- i?2`2@
7Q`2- AnyPicklerUnpickler Bb mb2/VX h?2`2#v- HQQFBM; mT  ++?2/ TB+F@
H2` /Q2b MQi rQ`F, i?2 TB+FH2`fmMTB+FH2` i2KTHi2 Bb `2;Bbi2`2/ 7Q` i?2 ivT2
Spore[Any, Any] M/ i?2 +imH ivT2 Bb i?2 mMB[m2 +QKTBH2@iBK2 +Hbb MK2X
h?Bb T`Q#H2K `2[mB`2b  irQ@7QH/ bQHmiBQM,
Ç AM+Hm/2 bTQ`2 ivT2 BM7Q`KiBQM BM i?2 mMB[m2 +Hbb MK2
Ç JQ/B7v FastTypeTag iQ bT2+BHHv ?M/H2 +Hbb MK2b i?i `2 `2+Q;@
MBx2/ iQ #2 7`QK  bTQ`2X
q?2M MQi TB+FHBM; M/ mMTB+FHBM; `r bTQ`2b- #mi +Hbb2b r?Qb2 +Hbb `;m@
K2Mib `2 #QmM/ iQ i?2 ;2M2`H ivT2 Spore[Any, Any]- i?Bb T`Q#H2K /BbT@
T2`bX
_2HBxBM; i?2b2 +?M;2b BM #Qi? 7`K2rQ`Fb ?b }MHHv 2M#H2/  ~rH2bb
K2+?MBbK i?i HHQrb T`QT2` b2`BHBxiBQM M/ /2b2`BHBxiBQM Q7 bTQ`2b 2p2M
B7 i?2 `2+2Bp2/ K2bb;2 ivT2b `2 mMFMQrMX
.2HBM; rBi? HH i?2 bTQ`2 ivT2b
aTQ`2 ivT2b `2 +QKTH2t M/ bQT?BbiB+i2/X *Hbb BM?2`BiM+2 Bb QM2 Q7 i?2
KBM `2bTQMbB#H2b- Hi?Qm;? ivT2 K2K#2`b THv M 2p2M #B;;2` T`i BM BiX
6Q`KHHv- bTQ`2 ivT2b `2 2Bi?2` T`K2i2`Bx2/ ivT2b UM/ KQ`2 +QM+`2i2Hv-
kdh?2 CoJ BMi2`MHHv QTiBKBx2b #bB+ FBM/b Q7 `2~2+iBQM M/ +Hbb HQ/BM; Bb +QMbB/2`2/
 ?Qi Ti? r?2M i?2 b2`p2` KQ/2 Bb 2M#H2/X aiBHH- bQK2 Qi?2` CoJb /Q MQi M2+2bb`BHv
#2?p2 BM i?2 bK2 rv M/ Bib bmTTQ`i +QmH/ +?M;2 BM 7mim`2 `2H2b2bX AM //BiBQM- +Hbb
HQ/BM; Bb MQi 7Q` 7`22 M/ +QmH/ bB;MB}+MiHv z2+i T2`7Q`KM+2 7Q`  H`;2 KQmMi Q7
`2+2Bp2/ K2bb;2bX
9X8X hvBM; h?BM;b hQ;2i?2`, SB+FHBM; aTQ`2b 8R
7mM+iBQM ivT2bV Q` +QKTQmM/ ivT2b UP/2`bFv- kyR9VX PM i?2 QM2 ?M/- T@
`K2i2`Bx2/ ivT2b `2 ivT2 +QMbi`m+iQ`b i?i iF2 Qi?2` ivT2b b T`K2i2`b
M/ vB2H/  +QM+`2i2 ivT2X *QMp2`b2Hv- +QKTQmMi ivT2b +QMiBM /2+H`iBQM
M/ ivT2 /2}MBiBQMb M/ i?2v `2 `272``2/ BM7Q`KHHv b bi`m+im`H ivT2bX i
i?2 bK2 iBK2- vvT2 /2+H`iBQMb M/ /2}MBiBQMb `2 HbQ FMQrM b ( ivT2
`2}M2K2Mib)X
// Examples of some spore types
Spore[Int, String]
Spore[Int, String] {type Captured = Nothing}
Spore[Int, String] {type Captured = ((String, String), Double)}
Spore[Int, String] {type Excluded = Nothing}
Spore[Int, String] {type Excluded = ActorRef}
Spore[Int, String] {type Captured = Int; type Excluded = String}
SporeWithEnv[Int, String]
SporeWithEnv[Int, String] {type Captured = Nothing}
SporeWithEnv[Int, String] {type Captured = ((String, String), Double)}
SporeWithEnv[Int, String] {type Excluded = Nothing}
SporeWithEnv[Int, String] {type Excluded = ActorRef}
SporeWithEnv[Int, String] {type Captured = Int; type Excluded = String}
b vQm b22- i?2 +QKTH2tBiv /Q2bMǶi +QK2 QMHv 7`QK i?2 ivT2 T`K2i2`b Q7
 7mM+iBQM ivT2 #mi ivT2 K2K#2`bX h?Bb 2tTHQbBQM BM /Bz2`2Mi +QK#BMiBQMb
Q7 pHB/ ivT2b Bb `2K`F#H2c MQi QMHv HH Q7 i?2K M22/ iQ #2 TB+FH#H2 M/
mMTB+FH#H2- #mi HbQ F22T i?2 bK2 b2KMiB+b BM i?Bb T`Q+2bb- `2bT2+iBM; i?2
Mim`H Q#D2+i BM?2`BiM+2X
6Q`imMi2Hv- i?2 Excluded ivT2 K2K#2` +M #2 b72Hv B;MQ`2/ r?2M ;2M2`@
iBM; TB+FHBM; +Q/2ěBib KBM ;QH Bb iQ KF2 i?2 +QKTBH2` 7BH mM/2` +2`iBM
+B`+mKbiM+2bX h?2`27Q`2- QMHv i?2 Captured ivT2 Bb M2+2bb`vX h?Bb bBim@
iBQM- i?Bb iBK2 +QMbB/2`#Hv KQ`2 KM;2#H2- ?b biBHH `2[mB`2/  +?HH2M;BM;
BKTH2K2MiiBQMX
9X8Xj a?Q`i+QKBM;b BM i?2 SB+FHBM; .2bB;M
S`2pBQmbHv- r2 /Bb+mbb2/ ?Qr i?2 b2`p2` Bb #H2 iQ TB+FH2 M/ mMTB+FH2 ;2M2`B+
K2bb;2bX Pm` bQHmiBQM /2T2M/2/ QM TB+FH2` M/ mMTB+FH2` i2KTHi2b- i?i
`2 b2H7@`2;Bbi2`2/ BM  /B+iBQM`v i `mM iBK2X h?2b2 i2KTHi2b `2 objectb-
i?2 2[mBpH2Mi Q7  bBM;H2iQM +HbbX
aBM;H2iQM +Hbb2b ?p2 bT2+BH BMBiBHBxiBQM T`Q+2/m`2bX Pi?2` T`Q;`KKBM;
HM;m;2b HBF2 Cp KF2 mb2 Q7 i?2 bvM+?`QMBx2/ F2vrQ`/ iQ 2Mbm`2 i?i bm+?
+Hbb2b `2 i?`2/@b72X Cp bQ7ir`2 /2p2HQT2`b `2 `2[mB`2/ iQ mb2 i?2 bK2
ǳ`2+BT2Ǵ 2p2`v iBK2 i?2v M22/ bBM;H2iQM +Hbb2bX PM i?2 +QMi``v- a+H T`Q@
pB/2b i?Bb 72im`2 #v /27mHi- HHQrBM; i?2 mb2` iQ /2}M2 Mv bBM;H2iQM +Hbb
b M Q#D2+i BMbi2/ Q7  +HbbX h?2`2#v- a+H /2Hb rBi? i?2 i?`2/@b72 M/
+Q``2+i BKTH2K2MiiBQM Q7 i?2 Q#D2+i QM #2?H7 Q7 i?2 mb2`X LQM2i?2H2bb- i?Bb
BKTH2K2MiiBQM BKTQb2b bQK2 +QM/BiBQMb- i?i Kv #2 `2;`/2/ b #2M2}+BH
Q` T2`Dm/B+BH /2T2M/BM; QM i?2 mb2 +b2X h?2b2 +QM/BiBQMb `2 BMi`Q/m+2/
#2+mb2 Q7 T2`7Q`KM+2 `2bQMbX h?2 KQbi `2H2pMi QM2 Bb i?2 Hxv BMBiBHBx@
iBQM Q7 Q#D2+ib- K2MBM; i?i i?2B` +QMbi`m+iQ` rQMǶi #2 2t2+mi2/ mMiBH i?2
T`Q;`K 2tTHB+BiHv BMpQF2b BiX
8k *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
h?Bb Bb- BM i?2 +QMi2ti Q7 a+H SB+FHBM;-  /`r#+FX 1p2M i?Qm;? r2 /2}M2
TB+FH2`b M/ mMTB+FH2`b pB K+`Qb- i?2b2 `2 MQi BMBiBHBx2/ #v /27mHiX b 
rQ`F`QmM/- a+H SB+FHBM; 2tTHB+BiHv `2;Bbi2`b i2KTHi2b r?B+? `2 /2}M2/ BM
i?2 HB#``v- bm+? b i?Qb2 7Q` T`BKBiBp2 ivT2b M/ Cpfa+H +QHH2+iBQMbX "mi-
BM i?2 +b2 Q7 +mbiQK mb2`@/2}M2/ +Hbb2b- i?2 i2KTHi2b rQMǶi #2 `2;Bbi2`2/
BM i?2 b2`p2`ěi?2 b2`p2` M2p2` ;2ib iQ BMBiBHBx2 i?2 TB+FH2`b M/ mMTB+FH2`b
#2+mb2 Bi /Q2bMǶi mb2 i?2Kě- i?mb Bib b2`BHBxiBQM M/ /2b2`BHBxiBQM rQmH/
im`M BKTQbbB#H2 rBi?Qmi `2~2+iBQMX
b  +QMb2[m2M+2- ?2`2 Bi +QK2b i?2 QMHv KMmH ibF i?i mb2`b Q7 i?2
7mM+iBQM@TbbBM; KQ/2H M22/ iQ /Q, 2p2`v iBK2 i?2v rMi iQ TB+FH2 M/
mMTB+FH2 i?2B` QrM +Hbb2b- i?2v M22/ iQ iF2 +`2 Q7 `2;Bbi2`BM; i?2K BM i?2
b2`p2`X AM Q`/2` iQ /Q bQ- i?2v `2 `2[mB`2/ iQ 2Bi?2` mb2 i?2 BMi2`MH SA
Q7 a+H SB+FHBM;- Q` BMpQF2 K2i?Q/b Q7 i?2 i2KTHi2bX am+? /Bb/pMi;2
Bb MQi- ?Qr2p2`-  mMB[m2 HBKBiiBQM Q7 a+H SB+FHBM; #mi Bi Bb HbQ T`2b2Mi
Qi?2` TQTmH` b2`BHBxiBQM HB#``B2b HBF2 S`QiQ+QH "mz2`b U:QQ;H2- kyR8VX
q2 #2HB2p2 Bi iQ #2 M BMi`BMbB+ T`Q#H2K Q7 biiB+@#b2/ b2`BHBxiBQM- mMHBF2
`2~2+iBQM@#b2/ b2`BHBxiBQM HB#``B2b r?B+? `2 bQK2r?i KQ`2 ;2M2`H #mi
7` KQ`2 BM2{+B2MiX
9Xe 6mHi hQH2`M+2
q?2`2b 7mHi iQH2`M+2 Bb bBKTHB}2/ #v /2bB;M- `2H@rQ`H/ Bbbm2b HBF2 TQr2` Q`
M2irQ`F 7BHm`2b `2 MQi miQKiB+HHv bQHp2/ #v i?2 T`QTQb2/ KQ/2HX h?2B`
+QMb2[m2M+2b `2 b2p2`2- `M;BM; 7`QK /i HQbb iQ mMpBH#BHBiv Q7 bvbi2KbX
AiǶb ?`/ iQ /2H rBi? i?2b2 T`Q#H2Kb- i?Qm;?c 7`K2rQ`Fb HBF2 aT`F M/
FF /2pQi2 +QMbB/2`#H2 H`;2 TB2+2b Q7 +Q/2 iQ KBMBKBx2 i?2KX
h?2 7mM+iBQM@TbbBM; BKTH2K2MiiBQM +QT2b rBi? 7BHm`2 BM  bBKBH` rv
b KBMbi`2K 7`K2rQ`FbX h?2 BKTH2K2MiiBQM Bb ?2pBHv BMbTB`2/ #v i?2
7mHi@iQH2`Mi #2bi T`+iB+2b Q7 FF U_Q2bi2M#m`;- "FF2`- M/ qBHHBKb-
kyRkVX h?Bb b2+iBQM /Bb+mbb2b bQK2 Q7 i?2b2 TT`Q+?2b 7Q` i?2 7mM+iBQM@
TbbBM; KQ/2HX
L2irQ`F 6BHm`2b
6BHm`2b BM M2irQ`F +QKKmMB+iBQM ?TT2M r?2M b2M/BM; +QKKM/b iQ `2@
KQi2 K+?BM2b Q` r?2M `2+2BpBM; i?2B` +QM}`KiBQM UQ` *E K2bb;2bVX
aTm`BQmb 2``Q`b Kv z2+i #Qi? /B`2+iBQMb M/ `2 mMT`2/B+i#H2X
AM Q`/2` iQ bQHp2 i?Bb T`Q#H2K- bvbi2Kb ?p2 /2HBp2`v ;m`Mi22bX h?2 /2@
7+iQ bi`i2;v Bb 2t+iHv@QM+2 /2HBp2`v U>mM; M/ :`+B@JQHBM- kyyRV-
K2MBM; i?i  K2bb;2 Bb QMHv T`Q+2bb2/ QM+2 #mi Kv ?p2 #22M b2Mi Q`
`2+2Bp2/ b KMv iBK2b b M2+2bb`vX  /B;`K Q7 Bib #2?pBQm` Bb T`QpB/2/
BM 6B;m`2 9XjX
AM b?Q`i- MQ/2b b2M/ +QKKM/b KQM; i?2KX AM +b2  +QKKM/ Bb HQbi- i?2
+HB2Mi rBib 7Q` +QM}`KiBQM /m`BM;  +QM+`2i2 T2`BQ/ Q7 iBK2 U+mbiQKBx#H2
#v 2M/@mb2`bVX 7i2` i?i- i?2 +QKKM/ Bb b2Mi ;BM mMiBH M +FMQrH2/;2@
K2Mi Bb `2+2Bp2/X
9XeX 6mHi hQH2`M+2 8j
6B;m`2 9Xj, .B;`K Q7  2t+iHv@QM+2 /2HBp2`v-
7`QK UJQv2`- kyRkVX
L2p2`i?2H2bb- Bb i?Bb  pHB/ TT`Q+?\ q?i B7  i2KTQ``v M2irQ`F Hi2M+v
T`Q#H2K ?TT2Mb M/ i?2 b2`p2` 2p2MimHHv `2+2Bp2b irQ K2bb;2b- i?2 }`bi
#2BM; i?2 /mTHB+i2 Q7 i?2 b2+QM/ QM2\ Ai Bb +H2` i?i QM2 +MMQi B;MQ`2 i?Bb
TQbbB#BHBiv M/ H2p2 Bi iQ Bib 7i2X
hQ bQHp2 Bi- r2 BMi`Q/m+2 i?2 +QM+2Ti Q7 2tT2+i2/ B/X h?2 2tT2+i2/ B/ Bb 
+QmMi2` i?i Bb BM+`2K2Mi2/ QM+2  K2bb;2 Bb `2+2Bp2/X .mTHB+i2/ K2bb;2b
rBi? i?2 bK2 B/ rBHH #2 `2D2+i2/ #2+mb2 i?2B` B/ Bb HQr2` i?M i?2 2tT2+i2/
QM2X 6Q` i?2 T`2pBQmb 2tKTH2- QM+2 i?2 }`bi K2bb;2 ?b #22M T`Q+2bb2/-
i?2 +QmMi2` Bb BM+`2K2Mi2/ M/- i?mb- /Bz2`2Mi iQ i?2 /mTHB+i2/ K2bb;2Ƕb
B/X 6m`i?2`- K2bb;2b rBi? ?B;?2` B/b rBHH #2 biQ`2/ BM K2KQ`v M/ Bib
T`Q+2bbBM; Bb /2Hv2/X h?Bb i2+?MB[m2 Bb- i i?2 #2bi FMQrH2/;2 Q7 i?2 r`Bi2`-
FMQrM b i?2 *E@_2i`v T`QiQ+QH M/ F22Tb 6A6P b2KMiB+b U6`b2`- RN3kV-
r?B+? `2 T`iB+mH`Hv `2H2pMi #2+mb2- i?2M- i?2 Q`B;BMH Q`/2` Q7 i?2 +HB2Mi
+Q/2 rBHH #2 2t2+mi2/ b2[m2MiBHHvX
9XeXR SQr2` 6BHm`2b
SQr2` 7BHm`2b `2 i?2 KQbi b2p2`2 FBM/ Q7 7BHm`2b BM  /Bbi`B#mi2/ bvbi2KX
h?2v ;2i `B/ Q7 i?2 K+?BM2 bii2 M/ KF2 /B{+mHi Bib Hi2` BM+HmbBQM BMiQ
i?2 bvbi2KX h?2 #b2M+2 Q7 bii2 mM#H2b 7BH2/ MQ/2b iQ F22T mT rBi? i?2B`
T22`b M/ +QMiBMm2 T`2pBQmb +QKKmMB+iBQMbX
S2`bBbi2M+2 +QK#ib TQr2` 7BHm`2běMQ/2b biQ`2 Mv K2bb;2 mTQM `2+2T@
iBQMX J2bb;2b `2T`2b2Mi i?2 bii2 Q7 i?2 bvbi2K M/ HHQr iQ `2THv i?2
?BbiQ`v Q7 T`2pBQmb i`Mb7Q`KiBQMb Qp2` /iX q?2M +`b?2/ MQ/2b #QQi-
i?2v +?2+F B7 i?2`2Ƕb Mv T`2pBQmb bii2X q?2i?2` BiǶb pBH#H2 BM  /Bb@
i`B#mi2/ Q` HQ+H biQ`;2- i?2v mb2 Bi iQ `2K2K#2` i?2B` Hi2bi bii2 M/ #2
mT 7Q` `2+2BpBM; KQ`2 +QKKmMB+iBQMb 7`QK Qi?2` MQ/2bX h?Bb +QM7Q`Kb iQ
89 *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
i?2 B/2 Q7 bBM;H2 bQm`+2 Q7 i`mi?X Ai Bb  +QKKQM T`+iB+2 7Q` bi`m+im`BM;
BM7Q`KiBQM KQ/2Hb i?i ?b #22M bm++2bb7mHHv mb2/ BM `2H@rQ`H/ /Bbi`B#mi2/
bvbi2Kb U>KKMi- kyRkc hvT2b72- kyR9V- b r2HH b BM /Bbi`B#mi2/ HQ;
7`K2rQ`Fb UE`2Tb- kyRjVX
9XeXk .2HBM; rBi? lM2tT2+i2/ 1``Q`b
h?2`2 2tBbib  bm#b2i Q7 7BHm`2b i?i- v2i p2`v p2`v mMHBF2Hv iQ ?TT2M- +M
z2+i i?2 +Q``2+iM2bb Q7 i?2 bvbi2KX am+? 7BHm`2 Kv TT2` /2T2M/BM; mTQM
i`MbB2Mi #m;b Q` i?2 THi7Q`K QM r?B+? i?2 bvbi2K Bb `mMMBM;X q?2`2b
i?2`2 +QmH/ #2 B;MQ`2/- i?2 7mM+iBQM@TbbBM; KQ/2H T`QTQb2b  rv iQ //`2bb
i?2KX
Ai Bb r2HH@`2;`/2/ iQ BKTH2K2Mi 2ti` ?B;?@H2p2H `2HB#BHBiv Hv2`b iQT Q7
/Bbi`B#mi2/ bvbi2Kb UaHix2`- _22/- M/ *H`F- RN39V- 2p2M i?Qm;? HQr@H2p2H
M2irQ`F T`QiQ+QHb BKTH2K2Mi i?2B` QrMX h?2 `iBQMH2 #2?BM/ i?Bb `2bQMBM;
Bb i?i r?2M TTHB+iBQM KF2 M 2ti2M/2/ mb2 Q7 i?2 AP Hv2`b- i?2v +MMQi
#HBM/Hv `2Hv QM i?2K- 2tT2+iBM; i?2K iQ rQ`F +Q``2+iHv- #2+mb2 QM2 /v i?2v
rQMǶiX q?BH2 BiǶb mMHBF2Hv i?i HQr@H2p2H 7BHm`2b Q++m`- i?2v `2 MQi M2;HB;B#H2
M/ ++QmMi 7Q`  bB;MB}+Mi KQmMi Q7 `2H@rQ`H/ 2``Q`b- 2X;X #mz2`@+QTv
2``Q`b i?i Kv brBi+? Qp2` #vi2b Q7 K2bb;2bX *QMb2[m2MiHv- i?2 7mM+iBQM@
TbbBM; BKTH2K2MiiBQM //b  +?2+FbmK iQ 2p2`v 2t+?M;2/ K2bb;2- M/
+?2+Fb mTQM `2+2TiBQM i?i i?2v Ki+? rBi? i?2 +?2+FbmK Q7 i?2 K2bb;2
+QMi2MibX
h?2 ?M/HBM; Q7 TQr2` 7BHm`2b 9XeXR M/ mM2tT2+i2/ 2``Q`b 9XeXk ?b #22M BK@
TH2K2Mi2/ Qmi Q7 i?2 T`QD2+i b+?2/mH2 #2+mb2 Q7 iBKBM; Bbbm2b- r?BH2 rQ`FBM;
`QmM/ M2irQ`F 7BHm`2b 9Xe ?b #22M bm++2bb7mHHv BKTH2K2Mi2/ QM iBK2X
9Xd J2KQ`v `2+HKiBQM
h?2 Cp oB`imH J+?BM2 Bb FMQrM 7Q` 2M+Qm`;BM; bQ7ir`2 /2p2HQT2`b
iQ pQB/ K2KQ`v KM;2K2Mi #v T`QpB/BM;  /27mHi ;`#;2 +QHH2+iQ`ě
/2p2HQT2`b Dmbi r`Bi2 i?2B` T`Q;`Kb rBi?Qmi /B`2+iHv /2HBM; rBi? ?2T HHQ@
+iBQMb M/ /2HHQ+iBQMbXk3X h?2 bm++2bb Q7 i?Bb TT`Q+? ?b `2pQHmiBQMBx2/
i?2 BM/mbi`vX :`#;2 +QHH2+iQ`b `2  Kmbi BM i?2 iQQH#Qt Q7 Mv KQ/2`M
T`Q;`KKBM; HM;m;2 i?i rMib iQ bm++22/X h?2v KF2 2bB2` bQ7ir`2
/2p2HQTK2Mi i  bKHH +Qbi BM T2`7Q`KM+2- M/ /2p2HQT2`b `2 rBHHBM; iQ
Tv i?Bb T`B+2X
h?2 7mM+iBQM@TbbBM; KQ/2H biM/b mM/2` i?2 bK2 KQiiQX AM  bBKBH` rv-
Bi rMib iQ T`QpB/2 b72 ;m`Mi22b- T2`7Q`KM+2 M/ 2b2 Q7 mb2 7Q` /i
MHvbib M/ /2p2HQT2`b- 2p2M i?Qm;? bQK2iBK2b i?2`2Ƕb  T`B+2X AKKmi#H2
Silob TQb2  T`Q#H2K 7Q` K2KQ`v KM;2K2MiX b /i i`Mb7Q`KiBQMb
`2 T2`bBbi2/ BM  /B+iBQM`v M/ BM/2t2/ #v i?2B` bBHQ B/2MiB}2`b- i?2B` `27@
2`2M+2b `2 M2p2` MmHH2/ QmiXkN h?mb- i?2 CoJ :`#;2 *QHH2+iQ` /Q2b MQi
k3AM 7+i- QMHv  72r HBKBi2/ SAb HHQr /B`2+i ++2bb iQ HQr@H2p2H K2KQ`v QT2`iBQMb-
M/ bQK2 `mKQm`b +QM}`K i?2B` `2KQpH BM 7mim`2 `2H2b2b Q7 i?2 P`+H2 CoJ U"2+FrBi?-
kyReV
kNh?2`2 Hrvb 2tBbi  `272`2M+2 iQ i?2b2 Q#D2+ib BM i?2 `mMMBM; T`Q;`KbX
9X3X 1ti2MbB#BHBiv Q7 i?2 7mM+iBQM@TbbBM; KQ/2H 88
`2+Q;MBx2 mMmb2/ bBHQb b ;`#;2 M/ i?2v Kv TBH2 mT BM K2KQ`v mMiBH M
OutOfMemoryException Bb i?`QrMX
b  +QMb2[m2M+2- QM2 ?b iQ 2tTHB+BiHv /2H rBi? HH i?2b2 BMi2`K2/Bi2 bBHQb
i?i ~Qi `QmM/ K2KQ`vX q?BH2 i?Bb Bb biBHH  }2H/ Q7 +iBp2 `2b2`+? i i?2
iBK2 Q7 i?Bb r`BiBM;- r2 ?p2 7QmM/ Qmi irQ b2MbB#H2 mb2`@7`B2M/Hv TT`Q+?2b
iQ i?Bb T`Q#H2K,
Ç h?2 }`bi TT`Q+? mb2b CpǶb q2F_272`2M+2b Ua1- kyRk#V M/ aQ7i@
_272`2M+2b Ua1- kyRkV iQ /2i2+i r?2M  aBHQ_27 Bb MQ HQM;2` `2+?#H2
7`QK HQ+H :* `QQibX lTQM /2i2+iBQM i?2 ?Qbi Q7 i?2 +Q``2bTQM/BM; bBHQ
Bb MQiB}2/ iQ /2+`2b2 i?2 bBHQǶb `272`2M+2 +QmMic i?2 ?QbiǶb `272`2M+2UbV
iQ i?2 bBHQ `2 MmHH2/ Qmi r?2M i?2 `272`2M+2 +QmMi `2+?2b x2`QX Ai
Bb BKTQ`iMi iQ MQi2 i?i i?Bb bi`i2;v `2[mB`2b MQiB7vBM;  bBHQǶb ?Qbi
r?2M2p2`  SiloRef iQ i?2 bBHQ `2+?2b  M2r K+?BM2- iQ BM+`2b2 i?2
bBHQǶb `272`2M+2 +QmMiX h?Bb MQiB}+iBQM +QmH/ #2 miQKi2/ pB K+`Qbc
bBM+2 i?2 Dm/;K2Mi Q7 r?2M  bBHQ Bb mb2H2bb +M #2 BM72``2/ 7`QK i?2
+HB2MiǶb +Q/2 i +QKTBH2@iBK2- K+`Qb +QmH/ 2ti`+i M/ T`Q+2bb i?Bb BM@
7Q`KiBQM- `2KQpBM; i?2 #m`/2M Q7 T`QpB/BM; 2tTHB+Bi bBHQ BM7Q`KiBQM
iQ ?QbibX h?2 T`QTQb2/ TT`Q+? 2M#H2b i?2 CoJ iQ miQKiB+HHv
+QHH2+i Q#D2+ib TQBMi2/ #v q2F_272`2M+2b M/ aQ7i_272`2M+2b r?2M
K2KQ`v `2bQm`+2b `2 b+`+2- 2p2M B7 i?2v `2 biBHH ǳmb2/Ǵf`272`2M+2/
BM i?2 T`Q;`KX LQi2 i?i bm+? bQHmiBQM /Q2bMǶi TQb2  T`Q#H2K iQ
2M/@mb2`běbBHQb +QmH/ #2 `2+QKTmi2/ 7`QK i?2B` HBM2;2X
Ç h?2 b2+QM/ TT`Q+? H2p2`;2b mMB[m2M2bb ivT2b BM a+H U>HH2` M/
P/2`bFv- kyRyVX >2`2- aBHQ_27b `2 HQ+HHv mMB[m2- M/ i?2 T`Q;`KK2`
+M 2tTHB+BiHv /2+H`2  aBHQ_27 b mMmb2/c i?2 ivT2 bvbi2K 2Mbm`2b i?i
bm+? M ǳmMmb2/Ǵ aBHQ_27 Bb MQi mb2/ ;BM bm#b2[m2MiHvX b BM i?2 }`bi
TT`Q+?- mTQM K`FBM;  aBHQ_27 b mMmb2/- i?2 +Q``2bTQM/BM; bBHQǶb
?Qbi Bb MQiB}2/ iQ /2+`2b2 i?2 bBHQǶb `272`2M+2 +QmMiX
b  7mim`2 2ti2MbBQM- i?2 7mM+iBQM@TbbBM; KQ/2H rBHH HbQ #2 #H2 iQ #2?p2
b aT`F /Q2b, /mKTBM; M/ HQ/BM; /i 7`QK /BbF r?2M i?2`2Ƕb MQi 2MQm;?
7`22 K2KQ`v pBH#H2X
9X3 1ti2MbB#BHBiv Q7 i?2 7mM+iBQM@TbbBM; KQ/2H
h?2 /2b+`B#2/ BKTH2K2MiiBQM Kv bQmM/ HBKBi2/ 7Q` bQK2 mb2@+b2 b+2M`@
BQbX h?2 `2HBiv Bb i?i i?2 T`QTQb2/ T`Q;`KKBM; KQ/2H /Q2b MQi BK i
+Qp2`BM; HH Q7 i?2KX >Qr2p2`- Bi /Q2b T`QpB/2  KBMBKmK b2i Q7 T`BKBiBp2b
i?i HHQr 7m`i?2` 2ti2MbB#BHBiv Q7 i?2 KQ/2HX
h?2 a+H T`Q;`KKBM; HM;m;2 Bb FMQrM 7Q` T`QpB/BM; T`BKBiBp2b 7Q` bvM@
+?`QMQmb QT2`iBQMb #v /27mHi BM i?2 biM/`/ HB#``v- r?Qb2 KBM 2H2K2Mib
`2 Futureb M/ Promiseb U>HH2` 2i HX- kyRkVX h?mb- i?2 7mM+iBQM@TbbBM;
KQ/2H- r?B+? mb2b i?2K 7Q` Mv QT2`iBQM i?`Qm;Qmi i?2 7`K2rQ`F- Bb #v
/2}MBiBQM 2ti2MbB#H2c TQi2MiBH mb2`b Kv #mBH/ iQT Q7 Bi M/ #2M2}i 7`QK
Bib b2KH2bb BMi2;`iBQM rBi? Qi?2` 7mim`2@#b2/ HB#``B2b- #2+mb2 i?2 F2v
B/2 #2?BM/ Futureb Bb +QKTQb#BHBivX
b  +QM+HmbBQM- i?2`2 Bb MQ Mim`H HBKBiiBQM BM i?2 7mM+iBQM@TbbBM; KQ/2HX
6Q` BMbiM+2- /pM+2/ mb2`b rQmH/ #2 #H2 iQ b?`2 SiloRefb KQM; /Bz2`2Mi
8e *?Ti2` 9X h?2 6mM+iBQM@SbbBM; AKTH2K2MiiBQM
MQ/2b Dmbi #v biQ`BM; i?2K iQ /Bbi`B#mi2/ /i#b2b Q` K2bb;2 #`QF2`b HBF2




q2 ?p2 T`2b2Mi2/ i?2 7mM+iBQM TbbBM; KQ/2H-  M2r T`Q;`KKBM; KQ/2H
M/ M2r bm#bi`i2 Q` KB//H2r`2 mTQM r?B+? iQ #mBH/ /i@+2Mi`B+ /Bb@
i`B#mi2/ bvbi2KbX h?Bb 2M#H2b irQ BKTQ`iMi #2M2}ib 7Q` /Bbi`B#mi2/ bvb@
i2K #mBH/2`bc bBM+2 UV HH +QKTmiiBQMb `2 7mM+iBQMH i`Mb7Q`KiBQMb QM
BKKmi#H2 /i- 7mHi@iQH2`M+2 Bb K/2 bBKTH2 #v /2bB;M- M/ U#V +QKKm@
MB+iBQM Bb K/2 r2HH@ivT2/ #v /2bB;M- i?2 7mM+iBQM TbbBM; KQ/2H ii2KTib
iQ KQ`2 Mim`HHv KQ/2H i?2 T`/B;K Q7 /i@+2Mi`B+ T`Q;`KKBM; #v 2t@
i2M/BM; KQM/B+ T`Q;`KKBM; iQ i?2 M2irQ`FX
AM //BiBQM- r2 ?p2 ;QM2 BM /2iBH i?`Qm;? i?2 irQ T`2pBQmb p2BMb Q7 rQ`F
i?i ?p2 2M#H2/ i?2 T`2b2Mi2/ T`Q;`KKBM; KQ/2H, a+H SB+FHBM; M/
aTQ`2b- M/ 2tTHBM2/ ?Qr i?2v BMi2`+i rBi? 2+? Qi?2`X q2 i?2M /Bb+mbb2/
7mM/K2MiH Bbbm2b Q7 i?2b2 T`QD2+ib M/ Qm` T`QTQb2/ bQHmiBQMb- r?Qb2 `2@
bmHi ?b K/2 i?2 +`Qbb@THi7Q`K BKTH2K2MiiBQM Q7 i?2 7mM+iBQM@TbbBM;
KQ/2H TQbbB#H2X h?2`27Q`2- mMBiBM; 7mM+iBQMH T`Q;`KKBM; M/ /Bbi`B#mi2/
+QKTmiBM; BM  Tm`2 b2iiBM;X h?2 MQp2Hiv Q7 i?Bb BKTH2K2MiiBQM Bb Bib BMi2`@
QT2`#BHBiv rBi? #Qi? CoJ@#b2/ T`Q;`KKBM; HM;m;2b M/ Cpa+`BTiX
6BMHHv- r2 ?p2 b?QrM Qm` TT`Q+? iQ 2{+B2MiHv TB+FH2 M/ mMTB+FH2 7mM+@
iBQMb BM a+H- 2p2M B7 i?2 7mM+iBQM ivT2 Bb QMHv FMQrM i `mMiBK2X Ai +QK#BM2b
+QKTBH2@iBK2 M/ `mMiBK2 ;2M2`i2/ TB+FH2`b- HQM; rBi? `mMiBK2 TB+FH2` M/
mMTB+FH2` ++?2bX h?2 bm++2bb BM i?Bb ibF ?b HHQr2/ mb iQ BKTH2K2Mi /Bz2`@
2Mi TQTmH` Tii2`Mb Q7 /Bbi`B#mi2/ T`Q+2bbBM; iQT Qm` T`Q;`KKBM; KQ/2H-






AKTHB+Bib `2  TQr2`7mH K2+?MBbK BM a+H 7Q` b+`TBM; #QBH2`THi2X h?2
;2M2`H B/2 Bb iQ HHQr i?2 +QKTBH2` iQ ?2HT bQ7ir`2 /2p2HQT2`b r`Bi2 H2bb
+Q/2X h?2 +QKTBH2` HHQrb i?2K iQ /2}M2 ǳbT2+BHǴ pHm2b i?i rBHH #2 TH+2/
BM +2`iBM TH+2b Q7 i?2 T`Q;`K QM #2?H7 Q7 i?2 mb2`X h?2 +QKTBH2` Bb
;m`Mi22/ iQ +?QQb2 i?2 KQbi bT2+B}+ ivT2 7Q` i?i pHm2 #b2/ QM i?2
;m`Mi22b Q7 i?2 TH+2 i?i `2[m2bib BiX AM Q`/2` iQ mM/2`biM/ ?Qr i?2v
rQ`F- H2iǶb bi`i #v i?2 implicitly K2i?Q/X
h?2 implicitly K2i?Q/- T`i Q7 a+HǶb biM/`/ HB#``v- Bb /2}M2/ b 7QH@
HQrb,
def implicitly[T](implicit e: T) = e
h?i Bb- `2[m2bi M BKTHB+Bi pHm2 Q7 ivT2 T b  T`K2i2` M/ `2im`M BiX
MMQiiBM; i?2 T`K2i2` U+imHHv- i?2 T`K2i2` HBbiV mbBM; i?2 implicit
F2vrQ`/ K2Mb i?i BM M BMpQ+iBQM Q7 implicitly- i?2 BKTHB+Bi `;mK2Mi
HBbi Kv #2 QKBii2/ B7- 7Q` 2+? T`K2i2` Q7 i?i HBbi- i?2`2 Bb 2t+iHv QM2
pHm2 Q7 i?2 `B;?i ivT2 BM i?2 BKTHB+Bi b+QT2X h?2 BKTHB+Bi b+QT2 Bb M /T@
iiBQM Q7 i?2 `2;mH` p`B#H2 b+QT2c BKTQ`i2/ BKTHB+Bib- Q` BKTHB+Bib /2+H`2/
BM M 2M+HQbBM; b+QT2 `2 +QMiBM2/ BM i?2 BKTHB+Bi b+QT2 Q7  K2i?Q/ BMpQ@
+iBQMX
b  `2bmHi- implicitly[T] `2im`Mb i?2 mMB[m2Hv@/2}M2/ BKTHB+Bi pHm2 Q7
ivT2 T r?B+? Bb BM b+QT2 i i?2 BMpQ+iBQM bBi2X AM i?2 +QMi2ti Q7 TB+FH2`b-
i?2`2 KB;?i MQi #2 M BKTHB+Bi pHm2 Q7  +2`iBM ivT2 BM b+QT2X AM i?i +b2-
 bmBi#H2 TB+FH2` BMbiM+2 Bb ;2M2`i2/ mbBM;  K+`Q /27X
AKTHB+Bi +QMp2`bBQMbX AKTHB+Bi +QMp2`bBQMb +M #2 i?Qm;?i Q7 b K2i?Q/b
r?B+? +M #2 BKTHB+BiHv BMpQF2/ #b2/ mTQM i?2B` ivT2- M/ r?2i?2` Q` MQi
i?2v `2 T`2b2Mi BM BKTHB+Bi b+QT2X AKTHB+Bi +QMp2`bBQMb +``v i?2 implicit
F2vrQ`/ #27Q`2 i?2B` /2+H`iBQMX h?2 greeting K2i?Q/ Bb T`QpB/2/ mbBM;
i?2 7QHHQrBM; BKTHB+Bi +QMp2`bBQM,
implicit def normalToRichConversion(i: Int): RichInt =
new RichInt(1)
class RichInt(i: Int) {
override def greeting(): String =
"Hello, I am a rich Int"
}
ey TT2M/Bt X AKTHB+Bib BM a+H
// What developers usually do
println(RichInt(1).greeting)
AM  Mmib?2HH- i?2 #Qp2 BKTHB+Bi +QMp2`bBQM Bb K2Mi iQ BKTHB+BiHv BMpQF2
RichInt- r`TTBM; Mv Int r?2M2p2` i?2 greeting K2i?Q/ Bb BMpQF2/X h?2
#Qp2 2tKTH2 b?Qrb  bvMi?2bBx2/ M/ H2bb p2`#Qb2 +Q/2 i?i bBKmHi2b i?2
T`2pBQmb #2?pBQm`,
// The compiler wraps 1 with `new RichInt()`
println(1.greeting)
AKTHB+Bi +Hbb2bX h?2 bm++2bb Q7 BKTHB+Bi +QMp2`bBQMb M/ Bib rB/2bT`2/
/QTiBQM BM i?2 a+H T`QD2+ib BMbTB`2/ M2r 72im`2b i?i BK2/ i bBKTHB7vBM;
i?2 mb2 Q7 BKTHB+BibX KQM; i?2K- BKTHB+Bi +Hbb2b K``v i?2 rQ`H/b Q7 +Hbb2b
M/ BKTHB+Bib QM+2 M/ 7Q` HHX
AMbi2/ Q7 b2T`i2 BKTHB+Bi +QMp2`bBQMb M/ +Hbb /2}MBiBQMb- QM2 +QmH/ 2t@
T`2bb i?2 bK2 2tKTH2 b,
implicit class RichInt(i: Int) {
override def greeting(): String =
"Hello, I am a rich Int"
}
r?2`2 i?2 BKTHB+Bi F2vrQ`/ ?b #22M KQp2/ iQ i?2 #2;BMMBM; Q7 i?2 +Hbb






*QKTBH2@iBK2 K2iT`Q;`KKBM; Bb  i2+?MB[m2 i?i HHQrb H;Q`Bi?KB+ +QM@
bi`m+iBQM Q7 T`Q;`Kb i +QKTBH2@iBK2X AiǶb Q7i2M mb2/ rBi? i?2 BMi2Mi Q7
HHQrBM; T`Q;`KK2`b iQ ;2M2`i2 T`ib Q7 i?2B` T`Q;`Kb `i?2` i?M ?p@
BM; iQ r`Bi2 i?2b2 T`Q;`K TQ`iBQMb i?2Kb2Hp2bX h?mb- K2iT`Q;`Kb `2
T`Q;`Kb r?Q ?p2  FMQrH2/;2 Q7 Qi?2` T`Q;`Kb- M/ r?B+? +M KMBTm@





6B;m`2 "XR, .2b+`B#2b i?2 mbmH +QKTBH2` TBT2HBM2 r?2M
K+`Qb `2 2M#H2/X
q?2M  K+`Q Bb BMpQF2/- Bi 2tTQb2b BMi2`MHb Q7 i?2 a+H +QKTBH2` SA-
i?2`2#v HHQrBM; mb iQ KMBTmHi2 M/ i`Mb7Q`K 2tT`2bbBQM i`22b UahbVX
M BHHmbi`iBQM Q7 i?2 mbmH +QKTBH2` TBT2HBM2 Bb /2b+`B#2/ BM 6B;m`2 "XRX
h?2`2 `2 KMv /Bz2`2Mi ~pQ`b Q7 a+H K+`Qb- r?B+? 2M#H2 KMBTmHiBQM
Q7 ivT2b b r2HH b i2`KbX AM i?Bb TT2M/Bt- QMHv i?2 KQbi #bB+ 7Q`K Q7
K+`Qb `2 2tTHBM2/- /27 K+`QbX
.27 K+`Qb `2 K2i?Q/b r?Qb2 +HHb `2 2tTM/2/ i +QKTBH2@iBK2X M
2tTMbBQM Bb  i`Mb7Q`KiBQM BMiQ  +Q/2 bMBTT2i UmbmHHv BM i?2 7Q`K Q7
 K2i?Q/V M/ Bib `;mK2MibX q?2M K+`Qb `2 2tTM/2/- i?2v QT2`i2
rBi?  *QMi2ti i?i 2tTQb2b i?2 +Q/2 iQ #2 2tTM/2/ M/ M BMi2`7+2 iQ
BMi2`QT2`i2 rBi? a+H ahbX AK;BM2 i?i QM2 rMi iQ +`2i2  bK`i
assert 7mM+iBQM i?i Bb #H2 iQ 7BH +QKTBHiBQM r?2M bQK2 Q#D2+ib `2 MQi
Q7 i?2 bK2 ivT2XR h?Bb Bb  i`/BiBQMH T`Q#H2K i?i +M #2 bQHp2/ #v /27
K+`Qb,
def assert(cond: Boolean, msg: String) = macro assertImpl
def assertImpl(c: Context)(cond: c.Tree, msg: c.Tree) = {
RLQi2 i?i equals Bb 2ti2M/2/ #v i?2 +Hbb Object r?B+?- BM im`M- Bb 2ti2M/2/ #v Mv
Cp M/ a+H +HbbX
ek TT2M/Bt "X J+`Qb, *QKTBH2@hBK2 J2iT`Q;`KKBM; BM a+H
// Import the compiler universe
import c.universe._
// Continue the implementation
???
}
AM i?2 #Qp2 2tKTH2- i?2`2Ƕb  K+`Q /2}MBiBQM M/ K+`Q BKTH2K2Mi@
iBQMX h?2 assert K2i?Q/ 2tTM/b i?2 K+`Q- i?i 2t2+mi2b i?2 #Q/v Q7
assertImpl i +QKTBH2@iBK2- KMBTmHi2b Bib `;mK2Mib M/ T`Q/m+2b  i`22X
am+? i`22 rBHH `2TH+2 i?2 BMBiBH BMpQFiBQM Q7 assert M/ rBHH #2 2t2+mi2/
i `mMiBK2X
J+`Qb ?p2 2M#H2/ +QmMiH2bb QTTQ`imMBiB2b Q7 miQKiBM; ibFb- `2KQpBM;
#QBH2`THi2 M/ +`2iBM; .aGbX qBi?Qmi i?2K- T`QD2+ib HBF2 a+H SB+FHBM;
M/ aTQ`2b rQmH/ ?p2 #22M mM+QM+2Bp#H2X AM Q`/2` iQ BHHmbi`i2 ?Qr a+H
SB+FHBM; KF2b mb2 Q7 K+`Qb- H2iǶb ?p2  HQQF i i?2 7QHHQrBM; 2tKTH2,
/* Framework code */
// Define a simple pickler interface
trait Pickler[T] { def pickle(x: T): String }
def pickle[T](x: T)(implicit ev: Pickler[T]) = ev.pickle(x)
// Declare a macro that will generate the pickling code for a type T
implicit def generatePickler[T]: Pickler[T] = macro ...
/* User code */
// Define a person and pickle an instance
case class Person(name: String)
pickle(Person("Jorge"))
6B`bi- r2 ;2M2`i2  Pickler M/  pickle K2i?Q/ i?i bFb 7Q` M BKTHB+Bi
Q7 Pickler[T]X h?2M- r2 /2}M2 M BKTHB+Bi +QMp2`bBQM i?i T`QpB/2b Mv
TB+FH2` 7Q` Mv ;Bp2M ivT2 TXk b i?2`2 Bb M BKTHB+Bi +QMp2`bBQM BM b+QT2 i?i
T`QpB/2b bm+? ivT2- i?2 a+H +QKTBH2` b2H2+ib Bi M/ i`Mb7Q`Kb i?2 Hbi HBM2
BMiQ,
pickle(Person("Jorge"))(generatePickler[Person])
>Qr2p2`- generatePickler Bb  K+`Q /2}MBiBQM i?i rBHH #2 2tTM/2/ #v
i?2 +QKTBH2`X 7i2` K+`Q 2tTMbBQM- i?2 `2bmHiBM; +Q/2 rBHH #2 bBKBH` iQ,
pickle(Person("Jorge"))(new Pickler[Person] {
def pickle(x: Person): String = ???
})
h?2 #Qp2 2tTHMiBQM /2b+`B#2b bmT2`}+BHHv ?Qr i?2 7`K2rQ`F +imHHv
rQ`FbX 6Q` KQ`2 BM7Q`KiBQM #Qmi K+`Qb- b22 U"m`KFQ- kyRj#V- U"m`@
KFQ- a?#HBM- M/ P/2`bFv- kyRjV M/ U"m`KFQ- kyRjVX
k+imHHv- i?Bb Bb M Qp2`bBKTHB}+iBQM Q7 r?i a+H SB+FHBM; /Q2bX AiǶb BKTQbbB#H2 iQ
;2M2`i2 TB+FHBM; +Q/2 7Q` Mv ivT2 Q7 Q#D2+iX q?2M a+H SB+FHBM; /2i2+ib i?Bb mM72bB#BH@
Biv- Bi rBHH 7BH rBi?  +QKTBH2` 2``Q` i i?2 +HH@bBi2 Q7 i?2 K+`Q 2tTMbBQMX
ej
"B#HBQ;`T?v
T+?2 UkyR8VX p`QX http://avro.apache.org/X
Ĝ UkyR8#VX >/QQTX http://hadoop.apache.org/X
"2+F- E2Mi 2i HX UkyyRVX JMB72biQ 7Q` ;BH2 aQ7ir`2 .2p2HQTK2MiX http:
//agilemanifesto.org/X
"2+FrBi?- JQMB+ UkyReVX P`+H2Ƕb PT2MC.E *H2MmT Q7 lMb72 AKTH2K2M@
iiBQMX https://en.wikipedia.org/wiki/Functional_programmingX
"HQQK- CK2b .X UkyRjVX CoJ AMi2`MHbX http://blog.jamesdbloom.com/
JVMInternals.htmlX
"m`KFQ- 1m;2M2 UkyRj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